Modelling of premixed turbulent propagating flames by Samir N.D.H. Patel (7120226)
 
 
 
This item is held in Loughborough University’s Institutional Repository 
(https://dspace.lboro.ac.uk/) and was harvested from the British Library’s 
EThOS service (http://www.ethos.bl.uk/). It is made available under the 
following Creative Commons Licence conditions. 
 
 
 
 
 
For the full text of this licence, please go to: 
http://creativecommons.org/licenses/by-nc-nd/2.5/ 
 
Modelling of Premixed Turbulent Propagating Flames 
by 
Samir N. D. H. Patel 
Doctoral Thesis 
Submitted in partial fulfilment of the requirements 
for the award of 
Doctor of Philosophy of Loughborough University 
September 2001 
©by Samir N. D. H. Patel 
Abstract 
Combustion has an active role in our modern lives as we continue to exploit its potential for many 
of our requirements. For example, its use to produce electricity and to power land, air and space 
transport vehicles. Increasing competition from the onset of the Industrial Revolution has led to 
a greater emphasis on improving technology. Furthermore, the ongoing issue of global warming 
has led to government legislation on emissions. These problems have led to increasing interest in 
gaining fundamental critical details on flow and combustion in simple and complex engineering 
geometries. Over the past twenty to thirty years numerical methods have demonstrated their 
success at obtaining information on flow and combustion. However, there is a continuing need 
to develop many of the components comprising a numerical method. The work reported here 
stems from the modelling of turbulent premixed flames. 
Turbulent premixed flames is a mode of combustion where the fuel and air mix before react- 
ing. Such a combustion mode is present: in sli rk-ignition (SI) and gas turbine (GT) engines, 
and in explosions. Modelling of the combustion process within these practical applications can 
provide useful information. For example, in aiding the design of the piston bowl and the com- 
bustion chamber of SI and GT engines, ree'p tiVely Furthermore, the simulation of explosions 
can result in safer designs for fuel storage and supply facilities. A central parameter to be mod- 
elled in turbulent premixed flame propagation is the rate of chemical reaction. This is a crucial 
parameter since it controls the rate of flame propagation, flame structure, and resulting pressure 
history. However, to date the challenge of accurately modelling the rate of chemical reaction 
over a range of turbulence conditions remains. Therefore, in this thesis, mathematical models 
11 
for the mean rate of reaction are examined, developed, and validated against time-resolved ex- 
perimental data. The aim of the work is to improve the modelling of the mean rate of reaction 
in order to achieve closer agreement with available experimental results on rates of flame prop- 
agation, flame structure, and pressure history. 
Recent, practical and numerical experiments have provided support for algebraic and transport 
equation models for the flame surface area to volume ratio to model the mean rate of reaction. 
Here, these models are examined and developed with one-, two-, and three-dimensional com- 
putational fluid dynamics (CFD) calculations. The simulations were carried out using both an 
in-house code (Turbulent Reacting Flows, TRF) and a commercially available CFD code (FIRE). 
The TRF code was used to investigate the ability of existing and developed models to accu- 
rately predict turbulent burning velocity. The models were then validated further by simulating 
turbulent flame propagation in two combustion chamber configurations with built-in solid ob- 
stacles. Hence verifying the models for different turbulence and geometry conditions. A non- 
linear eddy-viscosity model was implemented into the TRF code to assess the significance of 
turbulence modelling in turbulent premixed flames. Finally, the developed models were imple- 
mented in the FIRE code to carry out three-dimensional calculations to verify reproducibility of 
the TRF code results and to investigate secondary flow effects. 
Two reaction rate models were developed namely the algebraic (BML) and transport flame sur- 
face density (FSD) models. Both BML and FSD models yield plausible results for flame prop- 
agation in turbulent premixed combustion. However, modifications to the BML model were re- 
quired for low turbulence conditions, and superior results were obtained with the FSD model. 
Both models struggled in capturing the interaction between flame and turbulent wakes behind 
obstacles when the standard linear eddy-viscosity turbulence was used. However, the applica- 
tion of a non-linear version of the eddy-viscosity model yields improved results for flame struc- 
ture and speed around the obstacle, highlighting the importance of the turbulence model. The 3D 
calculations using the developed combustion model show good reproducibility of the 2D find- 
ings. Furthermore, the flame propagation, pressure history, and flame speed results are found to 
be in plausible agreement with the experimental data. It is shown that secondary flow mainly has 
the effect of increasing the rate of flame propagation in the single obstacle combustion chamber, 
and that the influence of secondary flow is dominant in the turbulent wake behind the obstacles. 
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Chapter 1 
Introduction 
1.1 Combustion and Flames 
Flames are apparent due to chemical combustion which result in changes of a single or a group of 
element(s) to another group of elements. For example, the combustion of gasoline, diesel, and 
kerosene fuels with air. Such combustion processes can be found in spark-ignition (SI), com- 
pression ignition (CI), and gas turbine (GT) engines, as well as in fires and explosions. A prime 
species required for combustion is oxygen, which is readily available in air, where volumetric 
analysis results in approximately 78% nitrogen, 21% oxygen, and 1% of other gases, such as 
argon and carbon dioxide. Combustion phenomena have been an integral part of our lives for 
millions of years; this becomes apparent by noting the existence of material decomposition over 
many years. On the one hand combustion can exist without our senses noticing it, for example, 
in vehicle batteries or in the day to day decay of matter. On the other hand, it can make itself ap- 
parent by flames, which result in the emission of light from the reaction zone. This is illustrated 
by Fig. 1.1 which shows experimental flame images (Heywood, 1988) in an internal-combustion 
(IC) engine. The interface between the two colours marks the position of the flame. 
14 
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Figure 1.1: Experimental flame images taken in an IC engine (Heywood, 1988). 
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1.2 Motivation to Study Combustion 
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Turns (1996) states that in 1989 approximately 89% of the energy used in the U. S. came from 
combustion sources. Today, combustion and its control continue to be an essential part of our 
existence on this planet. Our surroundings can show the importance of combustion in our daily 
lives. For example, the heating at our home, electricity generation, and vehicle transportation 
all rely on combustion. The large number of airlines flying in and out of airports also depend 
on combustion, as do SI and diesel engines, which are being widely used over the world. Re- 
cently, times have also seen the rise of gasoline-engine driven appliances such as leaf blowers, 
lawn mowers, weed-whackers, and the like. Another application of combustion is in furnaces 
for refinement of metals such as iron, aluminum, and steel for producing the raw product, where 
after processes such as heat-treating and annealing furnaces are used to add value to the metal as 
it is converted into a finished product. Combustion can also be found in the cement manufactur- 
ing industry, boilers, chemical fluid heaters, and incineration. The latter has recently received 
increased attention as it can provide a solution to the increasingly limited space at landfill sites. 
Recent times have shown increased competition in the worldwide economy. More and more 
competitors are continuing to emerge and the need for improving combustion systems has over- 
whelmingly grown. For example, the application of experimental and numerical techniques to 
gain an understanding of the complex flow and combustion processes within IC, Sterling, gas 
turbine and rocket engines is now a common task to assist design engineers, to aid the engineers 
in their choice of various alternative combustion chamber designs. Of noticeable interest to date 
is the Direct-Injection (DI) SI engine, where due to fuel being injected into the combustion cham- 
ber further studies are required to ensure realisation of a flammable mixture near the spark plug 
at the time of ignition. 
Fuel storage, handling, and supply is a common task of today, however, severe accidents can 
result if precaution are not taken. For example, a leak from a fuel storage tank or supply line at 
an off-shore plant can arbitrarily transport the flammable mixture around highly sensitive areas 
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and upon ignition can result in an explosion causing fatal casualties, and adverse environmen- 
tal impact. Much work can be cited reporting studies relating to improving safety at off-shore 
plants, fuel supply lines, and fuel storage cites (see for example, Hjertager, 1981,1982,1983, 
Hjertager et al., 1992, Jones and Thomas, 1991,1998, Catlin et al., 1995, Ibrahim and Masri, 
1999). 
Emissions from combustion have become a source of concern due to their environmental pol- 
lution. Primary concerns relate to health hazards and adverse environmental impacts, such as 
smog, acid rain, global warming, and depletion of ozone layer. The major pollutants produced 
by combustion are unburnt and partially burnt hydrocarbons (HC), nitrogen oxides (NO., ), car- 
bon monoxide (CO), sulphur oxides (SO,, ), and particulate matter in various forms. Sources of 
the various pollutants and their contribution can be seen in Table 1.1 (Turns, 1996). It can be 
noted that the engines cover a wider range of pollutants, therefore these sources need particu- 
lar attention in limiting the emissions. Despite the stabilising trends of the pollutants from the 
outset of the 1970 Clean Air Act Amendments, limitation still continue to be applied. In Eu- 
rope, the emissions legislation has been defined by the ECE 15 and EUDC European driving 
cycles, shown in Figs. 1.2 and 1.3, respectively. Typical agreed emission legislation is listed in 
Table 1.2. Meeting these targets is one of the challenges that design engineers are faced with. In 
fact, this is an apparent issue within the automotive industry, where there is now a drive for zero 
emission vehicles. The study of the combustion processes, in particular the process of pollutant 
formation can aid in minimising and controlling pollutant emissions. 
1.3 Premixed Flames 
A simple yet useful example of premixed flames highlighting some important processes is the 
Bunsen-burner flame. Here, it will be seen that both premixed (fuel and air mixed prior to com- 
bustion) and nonpremixed (fuel and air mixing during combustion) flames can exist. Figure 1.5 
shows a schematic of a Bunsen-burner and the flame it produces. The jet of fuel induces the air 
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Table 1.1: Typical pollutants of concern from selected sources(Turns, 1999). 
Source 
Unburnt 
Hydrocarbons 
Oxides 
of nitrogen 
Pollutants 
Carbon 
monoxide 
Sulphur Particulate 
oxides matter 
Spark-ignition engines + + + -- 
Diesel engines + + + -+ 
Gas-turbine engines + + + -+ 
Coal-burning utility - + - ++ 
boilers 
Gas-burning - + + -- 
appliances 
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flow through its inlet port, which generates a premixed gas subsequently burnt by the Bunsen- 
burner flame. The flame can be divided into an inner premixed and an outer nonpremixed flame 
cone, as illustrated in Fig. 1.5. The inner cone flame is a fuel rich premixed flame producing 
carbon monoxide (CO) which in turn results in the outer nonpremixed flame. 
For flame propagation in a homogeneous flammable mixture, the main features of a premixed 
flame can be illustrated through Fig. 1.4. It can be seen that the flame has been divided into the 
preheat zone, where little heat is released, and the reaction zone, where a significant proportion 
of the chemical energy has been released. Also shown is the flame thickness which is known to 
be of the order of millimeters. 
Two important characteristic quantities of premixed flames are their laminar burning velocity, 
UL, and flame thickness, 6L. For the case of the inner cone premixed flame of the Bunsen-burner, 
the flame speed must equal the speed of the normal component of the unburnt gas (see Fig. 1.5) 
since the flame is stationary. The laminar burning velocity, UL, for flame propagation in a ho- 
mogeneous flammable mixture will be the rate of travel of the flame through the mixture, and 
the flame thickness, SL, will be defined by the front and trailing edges of the propagating flame 
(see Fig. 1.4). 
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Figure 1.4: Illustration of main features of a laminar flame. 
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Table 1.2: Recent EU Emission Standards for Passenger Cars, g/km (Directive 98/69/EC). 
Tier Year CO HC HC+NOx NOx PM 
Diesel 
Euro 1 1992 2.72 - 0.97 - 0.14 
Euro 2-IDI 1996 1.00 - 0.70 - 0.08 
Euro 2-DI 1999 1.00 - 0.90 - 0.10 
Euro 3 2000 0.64 - 0.56 0.50 0.05 
Euro 4 2005 0.50 - 0.30 0.25 0.025 
Petrol(Gasoline) 
Euro 3 2000 2.30 0.20 - 0.15 - 
Euro 4 2005 1.00 0.10 - 0.08 - 
There has been much work reporting theories of laminar premixed flames from the start of the 
twentieth century (see Kuo, 1986). In fact, the earliest description of a laminar flame is that 
of Mallard and Le Chatelier (1883). A focus of the theories is to understand the factors gov- 
erning flame laminar burning velocity and thickness. The theory presented by Spalding (1979) 
can allow for analytical studies on the factors influencing flame speed, UL, and SL. Important 
factors include temperature, pressure, equivalence ratio (fuel to air ratio divided by the stoichio- 
metric fuel to air ratio), and fuel type. The findings show that UL/SL increases/decreases with 
increase/decrease in unburnt mixture temperature. The effect of increasing pressure results in a 
drop in UL and an increase in 6L. The flame laminar burning velocity, UL, peaks around the stoi- 
chiometric equivalence ratio and decreases for leaner and richer mixtures. The flame thickness, 
8L, has been found to be a minimum around the stoichiometric equivalence ratio and increasing 
for richer and leaner mixtures. 
Flame quenching is an important factor to be considered. On the one hand, such a phenomenon 
can prove to be highly useful, while it can become a nuisance. In oil-wells flame quenching can 
prove to be extremely useful in controlling the fires. However, quenching in an IC engine can 
distort desirable engine performance and efficiency characteristics. A useful finding is that of 
a flame being extinguished upon entering a small passageway. It was Sir Humphrey Davey in 
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1815 who was noted to be the first to put this into practice in the invention of the miner's safety 
lamp. The determination of quenching distance can prove to be very useful for safety reasons 
as well as in design engineering, where for example, flame propagation may not be desirable in 
certain areas. The quenching distance can be experimentally determined by observing whether 
a flame stabilised over a tube does or does not flash back for a particular burner diameter when 
the reactant flow is shut off. Rectangular burners are also used where quenching distance is de- 
fined as the longer length. The conclusion that the tube quenching distances are longer than the 
rectangular case (Barnett, 1959) can have some important implications to many areas of work. 
Theoretical analysis leading to an expression for the quenching distance can be obtained by using 
the work of Williams (1985) and Friedman (1949), as is reported by Turns (1996). 
Another significant aspect of flames is ignition; for example, without ignition there would be no 
flame. A frequently used means to ignite a mixture in practical systems is to use electrical sparks. 
This technique of ignition can be found in SI, GT, and many burners. Here it is important to 
quantify the minimum ignition energy required for ignition. This can be theoretically determined 
(Turns, 1996) or obtained experimentally (Blance et al, 1947). 
In practical systems highly turbulent flames can exist as illustrated in Fig. 1.6(a). Here instanta- 
neous contours of convoluted thin reaction zones are superimposed. This can be done by using 
schlieren photography at different times. A time-averaged view of such a figure is shown in Fig. 
1.6(b). As seen this results in a thickened flame frequently referred to as a turbulent flame brush. 
However, the instantaneous images of the reaction flame zone have comparable thickness to a 
laminar premixed flame. 
1.4 Numerical Techniques 
Numerical tools can be employed in complex problems, however, in this case modelling the 
physical processes is of critical importance. The equations of fluid transport due to Navier(1785- 
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Figure 1.5: Bunsen-burner flame structure. 
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Figure 1.6: (a) Superposition of instantaneous flame contours, and (b) Turbulent flame brush 
with time-averaged view (Turns, 1996). 
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1836) and Stokes(1819- 1903) form the basis of many reacting flow predictions. For example, 
prediction of flame propagation in a spark-ignition gasoline engine. When these equations were 
first derived, numerical computation was very difficult due to a lack of development in computer 
technology. Over the past decades significant progress has been made in the computer hardware 
and software technology to allow the solution for reacting flows. However, at present, the com- 
puting costs are expensive. This has limited some of the desirable approaches to predict flame 
propagation in complex and large scale problems. 
Direct Numerical Simulation (DNS), which is a time and space accurate prediction of fluid flow 
problems, has been widely used over the past five years in reacting flow problems. However, 
the predictions are limited to very low turbulence Reynolds number (around 300) due to com- 
putational costs. Nevertheless, the DNS simulations have provided significant support to under- 
standing and modelling of combustion problems. For example, DNS simulation has allowed for 
the understanding of the turbulent scalar transport and flame structure (Trouve et al., 1994). 
Another approach for simulating fluid problems is to use Large Eddy Simulation (LES) which re- 
solves the time accurate large scale eddies and models the small or sub-grid scales of turbulence. 
This technique has very recently started to be applied to reacting flows and as with DNS this tech- 
nique has been only applied to small scale problems. LES still requires considerable modelling 
development for the sub-grid scales, and is at present an area of active research (Kirkpatrick et 
al., 2002). 
Probability Density Functions (PDF) can be also used to provide statistical descriptions of tur- 
bulent combustion (Pope, 1986). In this approach the PDF functions generate a sufficiently large 
number of realizations of fluid properties (e. g. velocity and turbulence kinetic energy) at a point 
in space which are then ensemble-averaged. Either presumed PDF or PDF transport equations 
can be used, however, both methods do require accurate modelling of the mixing process and 
can become expensive to compute. This method has also provided support for modelling phys- 
ical processes, for example, a presumed log-normal PDF can be used to obtain a model of the 
strain rate imposed on a flame. 
CHAPTER 1- INTRODUCTION 26 
Another technique which has been used extensively in industry and continues to be a feasible 
tool is the Reynolds-Averaged Navier-Stokes equations (RANS) technique. Here the calculated 
flow field variables are averaged over a time interval. The advantage of this technique is that 
significant computational cost saving can be achieved since the flow field is averaged over a time 
interval. Such a technique will be sufficient to address many problems in engineering including 
SI, diesel, and GT engines. 
To date, much attention continues to be focused on the time-averaged numerical simulations 
(RANS). This involves splitting an instantaneous quantity into mean and fluctuation parts and 
averaging. This tool provides a feasible approach to study practical engineering problems, how- 
ever, accurate modelling of the terms controlling the physical processes, such as the heat transfer 
and the mean rate of chemical reaction, becomes of extreme importance. The DNS approach has 
played a significant role in the development of models, which are subsequently applied to time 
averaged quantities (e. g. the mean rate of reaction). 
Heat transfer, turbulence, and combustion modelling are the critical areas which require further 
research. The main problem in heat transfer modelling is to model the heat transfer coefficient 
accurately in order to achieve realistic heat transfer rate at wall boundaries (Sigurd, 1999). The 
challenge facing turbulence modelling is the need to evaluate the Reynolds stresses accurately. 
For accurate simulation of premixed turbulent flame propagation correct modelling of the mean 
rate of reaction is required over a range of flow and turbulence conditions. 
1.5 Simulation of Premixed Turbulent Flames 
As discussed in the previous section, a practical approach to simulating reacting flows in or 
around complex geometries is to use time-averaged techniques. With such a technique, instanta- 
neous premixed turbulent flames will now be viewed as thickened flames, which are frequently 
referred to as a turbulent flame brush (see Fig. 1.6). 
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Mixture ignition can be simulated by either using a complex Arrhenius mean rate of reaction over 
a specified ignition time or by simply prescribing a pre-set value for the mean rate of reaction 
over a specified volume and ignition time. The use of a simple ignition model can be sufficient 
for computational problems where the early stages of flame propagation are not of great interest. 
After the ignition period, a classical approach to simulations of premixed turbulent flames would 
require a model for the mean rate of chemical reaction (not Arrhenius or pre-set reaction rate). 
However, this will require well validated models in order to capture realistic features of premixed 
turbulent flames, namely the rate of turbulent flame propagation and flame structure. Early mod- 
els have assumed that turbulent mixing controls the mean rate of chemical reaction (commonly 
known as Eddy-Break-Up or EBU models), however, this assumption can become invalid under 
certain flow conditions, for example, when the time scales of turbulence are comparably smaller 
to the chemical time scale. The EBU type of models have been commonly used in the past, but 
recently significant interest has been gained by flame area models, which take into account mix- 
ing and flame stretching mechanisms to evaluate the mean rate of chemical reaction. The flame 
area models ultimately compute local values for the flame surface density, E, after effects of 
flame stretching and mixing due to turbulence have been accounted. Then, by noting that an in- 
herent property of premixed flames is the laminar burning velocity, UL, the mean rate of chemical 
reaction can be calculated easily using the product, ULE. 
The flame surface density, E, can be evaluated using an algebraic expression or by solving an ex- 
tra transport equation for the flame surface density. Despite several experimental and numerical 
studies there still remains much work to validate the models for the rates of turbulent premixed 
flame propagation and flame structure. 
An equally important part of accurately modelling turbulent premixed flames is to have good 
turbulence modelling. A commonly used turbulence model is the k-E model with a linear rela- 
tionship between Reynolds stresses and mean flow strain rates. The success of this turbulence 
model has been its simplicity to use, low computational cost, adaquacy for many turbulent flows 
of interest, and no major problems in numerical stability. Recently, many alterations to the rela- 
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tionship between Reynolds stresses and flow strain have been proposed, such as quadratic and 
cubic relations between stress and strain. These alternatives have been validated mainly under 
isothermal flow conditions and in certain flow conditions have shown significantly improved 
results compared to the linear stress-strain relationship. Recently, application of quadratic and 
cubic stress-strain relationships have been applied to reacting flows, where it was concluded that 
the cubic form provided superior results for the flow field. 
Simulation of premixed turbulent flames can become computationally expensive, even if time- 
averaged equations are solved, this is certainly the case for the 3D flame propagation simulation 
inside a IC engine. Therefore, whenever possible 1D and 2D calculations are commonly carried 
out, for example, in initial examination and development of models for turbulence and mean 
rate of chemical reaction. To complete the model validation exercise 3D calculations can later 
be undertaken with models developed using 1D and 2D calculations. 
1.6 Present Work 
1.6.1 Outline 
In view of the above discussion it is clear that one of the recent challenges facing the simulation 
of premixed flame propagation is the need to examine and develop existing models for the mean 
rate of chemical reaction. There is also a need to validate developed models in different geome- 
tries using well resolved experimental results. Discussion on turbulence modelling has high- 
lighted the need to assess the influence of turbulence modelling on the simulations of premixed 
turbulent flames. The assessment will provide a useful base of information on the importance 
of turbulence modelling and the care needed in the choice of turbulence model for premixed 
turbulent flames. 
In order to achieve the above, 1D, 2D, and 3D calculations have been carried out using an in- 
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house and a commercial code. This thesis reports the details and results of these calculations. 
The thesis has been structured as follows. Chapter 2 gives a background, and highlights some 
of the main issues related to premixed turbulent combustion. Chemical kinetics is introduced to 
identify the problems faced in using complex reaction mechanisms to model the mean rate of 
chemical reaction. Then density-weighted time-averaging techniques are reported to allow for 
a feasible alternative modelling approach. The remainder of the chapter focuses on the progress 
made in turbulence and premixed combustion modelling. In chapter 3 the governing equations 
used in the present work are reported. The turbulence models used to close the Reynolds stresses 
are detailed. Also, treatment of the boundaries is given. Chapter 4 discusses and outlines the 
mean reaction rate models which are used to close the source term for the fuel fraction. These 
are the algebraic (BML) and transport equation (FSD) reaction rate models. Chapter 5 gives de- 
tails on the numerical algorithm used to carry out simulation of turbulent premixed propagating 
flames. Chapter 6 reports and discusses the test cases which have been selected. These have 
emerged from the published experimental research work of Abdel-Gayed et al. (1987), Gülder 
(1990), and experiments carried out at Loughborough University by Hargrave and coworkers 
(1999,2000,2001). Chapter 7 reports the results and discussions on the flame propagation, pres- 
sure, and flame speed for a range of test cases. Chapter 8 is where general results and discussion 
are presented for the main issues arising from the present work. Finally, chapter 9 makes con- 
cluding remarks and recommends scope for further research. 
1.6.2 Main Contributions 
The main contributions of the present work are: 
9a proposal for the closure of the controlling parameters in the algebraic mean reaction rate 
formulation 
"a new formulation for the turbulent flamelet stretch term appearing in the flamelet surface 
density transport equation model 
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" Validation of the proposed models against experimental data obtained from two different 
combustion chambers which have been experimentally studied at Loughborough Univer- 
sity 
" Assessment of the effects of the turbulence model on predicting turbulent flame propaga- 
tion 
" Examination of the 3D effects at all stages of flame propagation following ignition 
Chapter 2 
Background 
The introduction noted that to date a feasible tool for engineering problems is to use time-averaged 
numerical calculations. As will be seen, the calculations reported in this thesis are based on the 
density-weighted (Favre) time-averaging technique. Therefore, in this chapter relevant funda- 
mental concepts relating to turbulence characteristics, time-averaging, and Favre-averaging are 
introduced. This is then followed by a discussion on the modelling of additional terms appear- 
ing due to the application of Favre time-averaging. The section on turbulent premixed flames 
begins with chemical kinetics to highlight the complexity of introducing multiple reaction mech- 
anisms and in deriving an exact formulation for the mean rate of chemical reaction. Previous and 
present concepts relating to the modelling of the mean rate of chemical reaction are discussed. 
The counter-gradient diffusion mechanism, which has been found to prevail in turbulent pre- 
mixed flames, is also discussed. The topic of regimes of combustion has also been introduced 
since this is of common interest in turbulent premixed flames for purposes of modelling and vali- 
dation. Finally, a brief outline is presented on the numerical solution of the time-averaged system 
of transport equations to supplement the later chapter on numerical algorithm. 
31 
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2.1 Characterising Turbulence 
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Turbulence is concerned with the unsteady temporal characteristic of fluid properties (e. g. veloc- 
ity, temperature, species concentration). Turbulent flow can occur in internal combustion (IC) 
engines, atmospheric air, gas turbine engines, and many other industrial systems. Turbulence 
can be characterised by the Root-Mean-Square (RMS) turbulence intensity, u': 
Al 
ü= limtý I fto+t ui2dt) (2.1) 
\t o 
and the turbulence length scale (Stones, 1999, Libby, 1996, Heywood, 1999). Figure 2.1 illus- 
trates three length scales of turbulence developed during an induction stroke of an IC engine 
(Stones, 1999). The integral length scale, L, quantifies the large scale eddies, while the Kol- 
mogorov scale, 71, quantifies the smallest length scales. The Taylor micro-scale, A, quantifies 
the spacing between the smallest eddies (Kuo, 1986). 
Turbulence can also be characterized by the turbulent kinetic energy, k, and its dissipation, E. 
Dimensional analysis leads to the expression for the time scale of turbulence as: 
tL = kle (2.2) 
and a turbulence length scale as: 
L= k3/2/E. (2.3) 
The smallest scale eddies are associated with highly dissipative eddies with corresponding time 
scale given by (Kolmogorov, 1941): 
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Figure 2.1: Illustration of the generation of turbulence in an IC engine (Stones, 1992). 
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tk _ (v/E)'12 (2.4) 
and corresponding length scale given by (Kolmogorov, 1941): 
(V 3/6)1/4. (2.5) 
The occurrence of different definitions for the turbulence length scale highlights the importance 
of the relationship between eddy size and local fluctuations. Hence, the frequency of the fluctua- 
tions in fluid property has been linked to the eddy size by an inverse proportional relation. Also, 
the distribution of turbulent kinetic energy among the spectrum of eddies has been described 
through the turbulent energy spectrum. For the present work, the turbulence length scale ex- 
pression given in equation 2.3 is used. 
2.2 Time- and Favre-Averaging 
The behaviour in time of a variable such as density, p, at a point (x) can be defined as a statis- 
tically stationary process, in which case the time-average can be obtained by integrating over a 
long, ideally infinite, time interval,: 
1 
P(x) = it 
faeP(x, t)dt. (2.6) 
It may be that the variable has a different time behaviour characterised as a statistically non- 
stationary process and then the time average should be taken between appropriate time intervals. 
For such an interval the time average is: 
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rt2 P(x) =J p(x, t)dt; t1 <t< t2. (2.7) 
1 
t2 - tl ti 
The Navier-Stokes equations can be subjected to time-averaging laws. Furthermore, the den- 
sity fluctuations may be ignored depending on the scale of density variations. For the case of 
large density fluctuations, such as those encountered in combustion processes, unweighted time- 
averaging leads to several more unknowns in addition to the Reynolds stresses which are the 
unknowns resulting from the time-averaging under conditions of negligible density variations. 
Therefore, it is useful to introduce another averaging, the Favre-averaging, which is, for an ar- 
bitrary property, 0, given by: 
Po (2.8) 
P 
The property 0 can be split into its mean and fluctuating component as 
Ox, t) = O(x, t) + 0"(x, t) (2.9) 
and the result for the average of the Favre fluctuation is 
PO It =0. (2.10) 
To illustrate the advantage of using Favre-averaging, first consider time averaging of the term, 
puv, 
puv = 
= püv+pu'v'+vp'v'+üp'u'+p'u'v'. (2.11) 
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Now using Favre-averaging leads to: 
puv = p(ü + u")(v + v") 
= püv + pu"v". (2.12) 
Comparing the time- and Favre-averaged forms of the equations clearly shows that fewer un- 
known correlations are possible if Favre-averaging is used. This is the main advantage of using 
Favre-averaging. 
2.3 Turbulence Modelling 
2.3.1 Eddy-Viscosity Models 
The ultimate goal of turbulence modelling is to find a way to predict Reynolds stresses, pu"v", 
without arbitrary model adjustment, to give accurate results for as wide as possible range of 
flows. Such a search is in conflict with the need for models that are sufficiently simple to be 
applied to industrial problems in a cost-effective manner. Because of this requirement algebraic 
models (where the Reynolds stress components at a location are assumed to be a function of flow 
and mean turbulence properties and their gradient at the same location) are often favoured. 
However, there is a hierarchy of turbulence models which can be classified by the number of 
extra transport equations they solve: 
" Mixing length turbulence models (0 equation (algebraic)) 
" Prandtl's or Bradshaw's turbulence models (1 equation) 
Two equation turbulence model 
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" Reynolds Stress Transport (RST) turbulence models (7 equations) 
With the exception of the RST model, which solves transport equations for all the Reynolds 
stresses, all the models use the eddy viscosity or the gradient transport assumption which re- 
lates the stresses to the mean rate of strain in a similar way as the viscous stresses are related to 
the mean rate of strain. For example: 
.. ý/ _- pt 
äü 2 
__ pu u µt 
(2äx 
/ äx +3 pk 
(2.13) 
where k is the turbulent kinetic energy and µt is the isotropic turbulent viscosity coefficient. 
Another category of turbulence model is to use the Joint Probability Density Function (JPDF) of 
the velocity components at each point in the flow field. An exact equation for the JPDF can be 
derived from the Navier-Stokes equations. In this case, although the Reynolds stresses require no 
modelling assumptions, the pressure fluctuation, and viscous dissipation terms do require mod- 
elling. Monte-Carlo numerical methods enable calculation to be performed. Nevertheless, to 
date JPDF methods have proven to be computationally expensive, and are therefore unfeasible 
for large engineering problems. 
Full details on the aforementioned set of turbulence models can be found in Warnatz et al. (1999). 
In the present work, due to its strong feasibility in application to engineering problems, turbu- 
lence will be modelled using the well known and commonly used two equation turbulence model 
known as the k-c model. Developments have been made in the standard k-E model (Laun- 
der and Spalding, 1972) to treat compressible, stagnating flows (laminarisation), and near wall 
flows. 
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2.3.2 Stagnating Flows in the k-E model 
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In stagnating flows, the standard k-E model is observed to behave incorrectly, generating high 
levels of turbulence as the impingement point is approached. While many recent modifications 
to address this problem exist, here the models considered to be of relevance to the present work 
are discussed. 
Kato and Launder (1993) have proposed an alternative modelling approach to account for stag- 
nation regions, where the standard k-E is known to over-predict the turbulence kinetic energy. 
Recent work (Bosch and Rodi, 1998) suggests that the Kato and Launder (KT) model improves 
predictions of the turbulence field in isothermal flow over a square obstacle. The KT model dif- 
fers from the standard k-c model in formulating the production term P as: 
P=t 
aüi 
+ 
au, aüi 
_ 
au, 
(2.14 µ (ax, axi) 
(i 
axe 
J 
This would allow for lower production term, P, due to negligible vorticity, as would be expected 
on a streamline approaching a stagnation point. 
An alternative approach due to Durbin (1996) who has proposed a limit to the time scale, k/E, 
which in 2-D is given by as: 
k 2k 
=min 
(E 
, 3ý C 
Vý: I- klE 
SijS iJ 
(2.15) 
F, 77 
where SZj is given by, 
S(äui + 
äußl 
ti' = axe oxi l' 
(2.16) 
which should be used where ever the time scale is used in the k-e model. 
CHAPTER 2- BACKGROUND 39 
Table 2.1: Parameters of a Low Reynolds Number Near Wall Model 
Model Dissipation fl, parameter Constants 
rate expression 
Norris and E=-1 1+R fµ=1-exp - ,, Aµ=50.5, CE=5.3 
Reynolds (1975) 
2.3.3 Low Reynolds Number Near Wall Models 
Instead of the law of the wall a region near to the wall defined by the dimensionless parameter 
fµ <1 is applied with modifications to the turbulent viscosity as, 
k2 
µt=cp fµ (2.17) 
and the dissipation rate of turbulence kinetic energy is obtained from an algebraic expression. 
Table 2.1 shows a typical formulation for the parameter fl, and the turbulence dissipation rate 
expression. 
2.4 T rbulent Premixed Flames 
2.4.1 Chemical Kinetics 
The species mass conservation equation in instantaneous form is 
a(at s) + 
OP 
axi +a= 
LV (2.18) 
2 
where s denotes species, Ys is the species mass fraction, and WS is the species rate of chemical 
CHAPTER 2- BACKGROUND 40 
reaction. The term J is the diffusion flux density which is composed of ordinary diffusion (Fick's 
Law), thermal diffusion (Soret effect), and pressure diffusion. Usually, the pressure diffusion 
term is neglected in combustion processes, and the diffusion flux is modelled as: 
J=-Ds'pNS- -DTOT (2.19) YS Öxj S Öxj 
where Y3 and Ns are the species mass and molar fractions, respectively. DM is the mean diffu- 
sion coefficient which can be computed from the binary diffusion coefficient Dij by (Warnatz et 
al., 2001) 
M_ 1-Y Dm 
Es 
s 
sNlDtj 
(2.20) 
Ds denotes the thermal coefficient of diffusion, and along with Did, the binary diffusion coeffi- 
cient, can be computed from molecular parameters. 
If one assumes that all chemical reactions for species, s, are fast compared to other processes 
like molecular transport, and flow, thermodynamics can be used to describe the system locally. 
However, if such processes have comparable time scales to that of the chemical reactions, then 
more details would be required for the instantaneous rate of reaction. The following work aims 
to summarise some of the main topics of chemical kinetics, as detailed by Warnatz et al., 2001. 
In general, a chemical reaction can be defined by the equation: 
a1A1 + a2A2 + a3A3 + ....... -ý b1B1 + b2B2 + b3B3 + ....... (2.21) 
where a1A1, a2A2, a3A3, b1B1, b2B2, and b3B3, denote the different amount of species present in 
the reaction. Empirical formulation of the reaction rate yields a rate law that describes both the 
formation and consumption of species in a chemical reaction. For a forward reaction, the reac- 
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tion rate for the consumption of species Al can be expressed according to Warnatz et al., 2001, 
as: 
dAl 
_ _k 
f[A, ]al [A2] a2 [A3]a3..... (2.22) dt 
where kf is the reaction rate coefficient. Similarly for a reverse reaction rate, the rate law for the 
production of Al is: 
dAl 
= kr[Bl]b, [B2] b2 [B3]b3..... (2.23) dt 
where al, a2, a3, bl, b2, and b3 are known as the reaction rate orders with respect to species 
A1, A2, A3, B1, B2, and B3. 
For the simple case of a reacting species while the other species are in excess, an effective rate 
coefficient can be generated using, 
keif = kf [A2]a2 [A3]a3.... (2.24) 
then the rate law can be simplified to: 
dAl 
dt - -keff 
[AlIal 
. (2.25) 
The temporal change of the concentration of Al can easily be obtained by integrating the above 
equation. Then if all concentration terms are grouped to the one side of the equation while the 
time terms and the effective rate coefficient are on the other side of the equation, a linear relation 
results irrespective of the reaction order. 
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Thus, if the time behaviour of the concentration of Al is measured, and applied to the various 
equations derived from the above, then when an equation matches the measurements, the reac- 
tion order and the effective rate coefficient of the reaction can be obtained. In practice reaction 
rate expression are far more complex since many more species (or elementary reactions) have 
to be accounted for which leads to many unknown reaction orders and rate coefficients. 
In general an elementary equation can be written as (Warnatz et al., 2001): 
Eivrs(")As ýKeff-+ Fivrs(6)As (2.26) 
where Vrs(") and vrs(b) denote stoichiometric coefficients of unburnt and burnt mixture, respec- 
tively, and s is the total number of species. Also a general reaction rate law of species, s, in an 
elementary reaction is given by the expression: 
at 
k(vrs(b) - v,. s("'))EiAVrs(u) (2.27) Ca``tS) = 
where cs denotes the concentration of the different species. Therefore, if the equation for an ele- 
mentary equation is known then the reaction rate for each of the species can be determined using 
the above equation. However, in general any chemical reaction is composed of r elementary re- 
action, it follows that the reaction rate for a species in a chemical reaction is given by: 
Cat at s) = YJ k(Urs(b) - Vrs(''))EsA, "r3("). (2.28) 
The reaction rate equation derived above is only usable if the values of the reaction rate coef- 
ficient for each elementary equation are known. Detailed investigations have shown that the 
values of the rate coefficients are dependent on temperature and pressure properties along with 
some secondary properties (e. g. viscosity). While an expression for the rate of reaction coef- 
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ficient exists, experimental values of parameters, such as the pre-exponential factor at different 
conditions (i. e. at different temperature and pressure conditions) must be available. 
The combustion of a simple fuel such as molecular hydrogen and oxygen requires 40 elementary 
reactions (Warnatz et al., 2001), while that of the simplest hydrocarbon fuels, such as methane 
CH4, exhibit a much larger number of elementary equations. In some cases several thousands 
of elementary reactions are present, for example, when Diesel is auto-ignited. These elementary 
equations can be used to obtain rate laws of each species and if the parameters for computing the 
rate coefficients are available then the reaction rate of species i can be computed within reason- 
able time frame. However, in instances when the number of species involved in a reaction is so 
large there is a risk of demanding prohibitive amount of computational time. 
Although the elementary equations involved in a particular reaction are unique, all reaction mech- 
anisms have shown properties which are characteristic of all combustion processes. For exam- 
ple, only a few of the many elementary reaction mechanisms determine the reaction rate. Such 
common properties of reaction mechanisms can be used to narrow the time to compute reaction 
rates of species i. However, at present, in spite of the ability to use the common properties of 
reaction mechanisms to reduce computing time, application of such a strategy to a reaction in- 
volving 1000's of species in an inhomogeneous mixture demands an unacceptable amount of 
computing time. Another difficulty is due to the complexity in obtaining a mean rate of reaction 
expression from equation 2.28. 
As has been highlighted, the present work focuses on time averaging. In this way, equation 2.18 
needs to be averaged. However, in order to avoid complicated terms appearing in due coarse, 
which can be difficult to treat, some assumptions need to be made first. Since the averaging 
process will introduce many chemical reaction rates which will be difficult to close, a simpler 
approach is commonly adopted. This involves the solution of the fuel fraction equation, Yf, from 
which the other species distribution is computed, and the use of a single step chemical reaction 
reaction. For a premixed propagation flame it is common to use the reaction progress variable, 
c, defined as 
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c=1- (2.29) Yö 
where the subscripts Yf and Yf° denote local and initial fuel mass fraction, respectively. The 
Favre-averaged equation for the reaction progress variable, c, may be written as (Bray, 1990): 
aPa aPuia 
_- 
apuincil 
_w (2.30) Wt + ax, axi - 
where W is the mean rate of reaction. If the cö transport equation is rewritten in terms of fuel 
mass fraction then the mean rate of reaction term, W, will need to be multiplied by the initial 
fuel fraction, Yf°. The point to be noted here is that the term which needs to be modelled is the 
mean rate of chemical reaction, W. 
2.4.2 Concepts in Modelling the Mean Rate of Chemical Reaction 
As pointed out earlier, the mean rate of reaction is difficult to evaluate from the exact reaction 
rate expression due to unknown complex reaction mechanisms. However, by considering a thin 
flame in a turbulent flow field, i. e. the laminar flamelet assumption, it is possible to develop mod- 
els for the mean rate of chemical reaction. It is commonly agreed that the flamelet assumption 
(interaction of thin flame with turbulent flow field) is valid over a range of turbulent premixed 
combustion regimes (Poinsot et al., 1991). 
A widely used approach to model the mean rate of reaction is to assume that the time scale of 
the rate of reaction is small in comparison to the time scale of turbulence, these type of mod- 
els are commonly known as eddy-break-up (EBU) models (Spalding, 1971, and Magnussen and 
Hjertager, 1976). Typically, EBU models yield plausible results for only a narrow range of tur- 
bulence conditions and can significantly over-/under-predict premixed turbulent flame propaga- 
tion. Another approach that has been pursued to model the mean rate of chemical reaction is by 
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using fractal mathematical theory. Here the problem shifts to evaluating the fractal dimensions. 
Recently, efforts have been directed to model the mean rate of reaction as the product of flamelet 
surface density and flamelet propagation. In this approach, the problem of modelling the mean 
rate of reaction shifts to modelling the flamelet surface density. The flamelet surface density can 
be obtained via an algebraic formulation (Bray Moss Libby or BML model, Bray et al., 1987) 
or a transport equation for Flame Surface Density (FSD model). The algebraic model (BML) 
is less computer demanding than the transport equation (FSD) for evaluating the flame surface 
density, however, the transport equation approach can be more accurate in predicting turbulent 
premixed flame propagation. Therefore, it is worthwhile to investigate both the algebraic (BML) 
and transport models (FSD) for evaluating the flame surface density. 
For both the BML and FSD models, the mean rate of chemical reaction can be expressed as 
(Trouve and Poinsot, 1994): 
W =< R >s E (2.31) 
where <R >s denotes the reaction rate per unit area averaged over the flamelet surface area A 
and is defined as 
fö RdA 
R >S= A 
which can be closed as (Trouve and Poinsot, 1994) 
(2.32) 
<R >S= Pu < SC >s= PuRL (2.33) 
where pu is the density of the unburnt mixture and Sc is the flamelet speed, taken equal to the 
laminar burning velocity, UL. For clarity in the present work (Bray, 1990, Cant et al., 1991) 
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<R >s will be denoted as R, i. e. <R >s= R. E is the mean flamelet area to volume ratio 
(flame surface density), respectively. Closure for E can be facilitated by the Bray-Moss-Libby 
(BML) laminar flamelet model (Bray et al. 1984) using an algebraic formulation. 
The closure for E using a transport equation may be statistically invalid (Veynante et al. 1996), 
however, a strong relation has been shown to exist between the E conservation equation and its 
Probability Density Function (PDF) equation (Vervisch et al. 1995, and Echekki et al. 1996). 
Exact equations for the transport of E have been derived elsewhere (Pope, 1988, Candel and 
Poinsot, 1990, Trouve and Poinsot, 1994), and for the present work the Favre-averaged form is 
adopted (Veynante et al. 1996): 
ä-+0ý( 
+0"_ u">sE)=SE. (2.34) 
CV DF 
The terms CV and DF in equation 2.34 represent convection and diffusion, respectively. SE is 
the source/sink term which can be written as (Veynante et al. 1996): 
SE=(V ic-<nn>s: Vü)E+<V "u"-nn: Vu">3E 
M, T, 
-17"(<wn>, E)+<wV"n>sE (2.35) 
Ps L's 
where n is the unit normal vector to the flamelet pointing towards the unburnt mixture, and w is 
the local flamelet propagation velocity relative to the mean flow velocity which can be equated to 
the laminar burning velocity. The terms M, T8, Ps, and Cs represent the stretch on the flamelet 
due to mean flow, turbulent flow, flame propagation, and flame curvature, respectively. 
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Figure 2.2: Illustration of gradient and counter-gradient diffusion mechanisms. 
2.4.3 Counter-Gradient Diffusion 
It is common to find the turbulent transport of reaction progress variable and flame surface den- 
sity to be modelled using the classic gradient diffusion (GD) model. In fact, experiments and 
numerical calculations have shown the existence of counter-gradient diffusion (CGD) in certain 
flow conditions. Gradient and counter-gradient turbulent transport can be explained with the use 
of Fig. 2.2. As can be seen in Fig. 2.2a the GD model assumes turbulent transport of c in the 
direction of decreasing c. Figure 2.2b shows that the direction of turbulent transport is in the 
direction of increasing c, hence the CGD model. 
Gradient closure for the turbulent transport flux of c has been shown via second-order closure 
(Libby and Bray, 1981), DNS (Veynante et al., 1997), and experiments (Kalt, 1999) to be valid 
where turbulent motions dominate thermal dilatation, but invalid where thermal dilatation dom- 
inates turbulent motions leading to counter-gradient turbulent scalar transport. Also, DNS stud- 
Direction of 
turbulent transport 
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ies (Trouve et al., 1994) show that the turbulent transport fluxes of c and E are strongly corre- 
lated that is gradient (counter-gradient) turbulent transport of c always coincides with gradient 
(counter-gradient) turbulent transport of E. Therefore, counter-gradient turbulent transport of E 
should also be accounted. 
Veynante et al. (1997) reported a theoretical analysis leading to a simple expression in which 
u"/uL and the heat release parameter, T, which is defined as 
/)u+ 
Pb 
(2.36) 
where the subscripts u and b denote unburnt and burnt mixture, respectively, are used to delineate 
between gradient and counter-gradient turbulent transport of c: 
pu'"c" = pc(1 - c) (TUL - 2au") (2.37) 
where a is an efficiency function which accounts for the ability of various sized eddies to affect 
the flame front. A similar expression but with the effects of external pressure gradients yields 
(Veynante and Poinsot, 1997) 
puýýC,, _ pö(1 - e) tau" 
C2au" [1 
- QT 
v12Kef 
b 
)a] -11 (2.38) l/ 
where Vp* is the pressure gradient normalised by the pressure change across the corresponding 
laminar flame Vp* = (8P/ax)(St/(pv, TUL)), 0=0.12 is a constant and for moderate values of 
T, K=0.8. 
In equation 2.37 the cx term requires closure. Veynante et al. (1999) propose a=0.5 to yield 
good agreement with the DNS data. However, the authors did suggest the requirement of further 
work to investigate closure for a. Recently, Kalt (1999) found: 
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1/2 UL JL 
mau' 
( 
L) 
to give the best approximation to experimental results with ka = 20. 
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(2.39) 
The turbulent flux of flame surface density E has also been shown to exhibit counter-gradient 
turbulent transport. For the turbulent transport of flame surface density, E, < u" >s E, account- 
ing for counter-gradient transport effects, Bidaux and Bray (1994) (unpublished, Veynante et al., 
1997) have proposed a theoretical expression for < u" >3 E as 
<u">SE= 
(K-c)u"c"E 
(2.40) 
c(1 - c) 
where K is a constant. Good agreements result between 2.40 and DNS data for K=0.5 (Vey- 
nante et al., 1997). 
Equations 2.37 and 2.40 could be used to account for counter-gradient turbulent transport of E 
and E. However, further research is required regarding their realisability. 
2.5 Regimes of Premixed Turbulent Combustion 
Identifying the regime(s) of turbulent premixed flames in combustion systems (for example, 
spark-ignition and gas turbine engines) can assist the development of models, and indeed, the as-. 
sessment of existing models. For example, DNS and experimental studies (Poinsot et al., 1991, 
and Bushmann, 1996) have shown the existence of a wide range of combustion regimes for cer- 
tain combination of flame and flow interactions, which need to be modelled. 
Various diagrams for the regimes of turbulent premixed flames have been proposed (see for ex- 
ample, Poinsot et al. 1991, and Peters, 2001) in which the different regimes of premixed flames 
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Figure 2.3: Borghi diagram for the different regimes of premixed turbulent combustion (Warnatz 
et al., 2001). 
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are defined by using dimensionless parameters. Various dimensionless parameters have been 
used to classify the regimes of turbulent premixed combustion. Some common parameters are: 
9 Turbulence Reynolds number: RL = u'L/v where u' is the turbulence intensity, L is a 
characteristic turbulence length scale, and v is the kinematic viscosity of the unburnt mix- 
ture. 
" Damköhler number (Da): tL/tc where tL is the macroscopic time scale of turbulence and 
t, is the chemical time scale. 
" Karlovitz number (Ka): t,, /t, where t,, is the microscopic time scale of turbulence. 
" u'/uL: ratio of turbulent intensity to the unstrained laminar flame speed. 
" L/SL: ratio of turbulence length scale to the laminar flame thickness 
" 77/SL: ratio of the smallest (Kolmogorov) length scale to laminar flame thickness. 
Some of the available diagrams for the regimes of turbulent premixed flames are shown in Figs. 
2.3,2.4,2.5, and 2.6. Matthews et al. (1996) highlights that these regime diagrams can yield 
different conclusions on the regimes of combustion. For instance, it was shown that SI engine 
operating points due to Abraham et al. (1985) on the regime diagram of Fig. 2.4 resided in the 
flamelet regime, while the SI operating points on the Borghi diagram (with revised thin flame 
limits of Abdel-Gayed et al., 1989 and Roberts et al., 1994) indicated additional presence of 
distributed regimes. This clearly highlights the inaccuracies that prevail in defining the regimes 
of premixed combustion. Nevertheless, the regime diagrams are very useful to gain approximate 
ideas. 
A critical assumption that has allowed much progress to be made in modelling premixed com- 
bustion is the flamelet assumption. This assumption involves a consideration of a thin flame 
wrinkled by the turbulence flow field in which locally the flamelets behave as laminar flamelets. 
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As can be seen from the diagram of regimes of turbulent premixed combustion, the general con- 
sensus is that the flamelet assumption is valid for large Damköhler numbers and for characteristic 
turbulence scales much larger than a typical flame thickness. The Borghi diagram sets a limit of 
the flamelet regime based on the Kilmov-William criterion, i. e. Ka=1.0. However, Abdel-Gayed 
et al. (1989) revised this division upwards to higher strain rates (K= 1.64) based on their exper- 
imental findings. Furthermore, numerical research by Poinsot et al. (1991) and recent research 
by Robert et al. (1993) and Buschmann et al. (1996) have pushed this division to much higher 
strain rates, as can be seen in Fig. 2.5. Whether the flamelet assumption is valid in other regimes, 
such as the distributed or stirred reactor regimes, remains to be argued. Recently, the Borghi di- 
agram has been extended to also include the regimes of turbulent premixed combustion covered 
by a gas turbine and IC engine, as shown in Fig. 2.6. 
2.6 Modelling Approaches 
The conservation equations for describing transient premixed turbulent combustion may all be 
written in the following general form: 
app+___ +S O. (2.41) at axti axi 
The first two terms on the left of the equation represent the accumulation and convection terms, 
and the terms on the right of the equation represent the diffusion and the source/sink terms. These 
sets of equations are non-linear and coupled, and require a careful numerical procedure to solve 
for realistic simulations. 
Finite difference, finite volume, and finite element methods are now well known methods as a 
starting point to solving the equations. The advantage of the finite volume approach is that it 
applies the conservative form of the transport equations to a finite volume. The finite volumes 
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Figure 2.5: Borghi diagram with revised thin flame limit by Abdel-Gayed et al. (1989) and 
Roberts et al. (1993), (Matthews et al., 1996). 
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Figure 2.6: Borghi diagram with superimposed areas of spark-ignition and gas turbine engine 
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are made up by the computational mesh. Various meshing techniques can be used nowadays, 
from uniform to adaptive moving mesh (Catlin et al., 1995). Uniform meshes can be suitable 
for simple non-moving geometrical shapes. Whilst an adaptive moving mesh is more suited for 
moving turbines or pistons where local refinement may be needed to resolve smallest scales. 
Over recent years there has also been developments to setup tetrahedral unstructured meshes 
automatically to conform to complex geometries as are encountered in an IC engine. 
It is now also well known that to avoid problems of pressure-velocity decoupling a staggered 
grid arrangement is a suitable option. Here the velocity and scalars are stored at separate loca- 
tions. Furthermore, to avoid inaccurate solutions at low Mach numbers the pressure correction 
equation (Anderson, 1995) derived from the momentum equation is used to correct the pressure 
and velocity field. 
Any first order derivatives need to be approximated. Amongst many other ways possibilities 
would be to use central, and upwind differencing schemes. Since scalar quantities will be re- 
quired at cell faces it becomes necessary to apply interpolation techniques. Therefore, the con- 
vective, diffusive, and sink/source terms can require interpolation. Many options exist such as 
the blending scheme between upwind and central differencing (Hybrid) due to Spalding (1972). 
For the accumulation term simple Euler time differencing can be applied. The equations can 
be treated implicitly and solved sequentially using either an iterative or direct solution method. 
Various approaches are available to solve the equations, for example the SIMPLE, SIMPLER, 
SIMPLEC, and PISO (Issa, 1986). Time-marching can be as simple as uniform or can be made 
to change according to flow conditions or Courant number. The convergence can be monitored 
in many ways, for example, monitoring differences in residuals and forcing a limit for minimum 
residual values. Particular practices adopted in the codes used during the current work are de- 
scribed later. 
Chapter 3 
Governing Equations 
3.1 Conservation Equations 
If the chemical reaction is assumed to be fast then it can be approximated by a simple one step 
chemical reaction: 
aiv, Cn. H, + a2u(O2 + 3.76N2) -+ a1bCO2 + a2bH2O + a3bN2 (3.1) 
where alu, a2, ß, alb, a2b, and a3b are the number of moles of the unburnt and burnt species. 
The Favre-averaged governing conservation equations for mass, momentum, internal energy, 
and reaction progress variable can be written as: 
Mass 
ap apüi 
at + axi =o 
(3.2) 
Momentum 
äpüi 
+ 
apüjüj 
__ 
apui'u' 
+ 
aP 
+ 
aT=j 
(3.3) 
at ax, - ax; axe ax, 
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Specific Internal Energy 
58 
äpe 
+ 
öpüie öpui'e" 
_ä 
Cý aTl aPüi 
+ 
aTTju' 
_ WOH (3.4) at axi axi axi \µ or, äxi 1 äxi axi 
where Cp is the specific heat capacity, Qe is the Schmidt number, OH is the change in specific 
enthalpy which accounts for the heat release due to combustion, and W is the mean rate of chem- 
ical reaction. The specific internal energy, e, can be evaluated with the following equation: 
e= ES l h, s (T )YY - -. (3.5) P 
In this equation, the specific enthalpy of a species, h8, can be computed using: 
hs(T) = hf + fCp(T)dt (3.6) 
where hf is the species enthalpy of formation and To is the reference temperature. 
Reaction Progress Variable 
aPa aPuza apuic 
at + axi -- axi +w (3.7) 
The above equations are supplemented with the equation of state given by 
-= pR°T 
M (3.8) 
The above equations can be written in general form as: 
aPý aPüzý apuý ý 
at + axi =- axi + so (3.9) 
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where p is the mean density, ¢=1, ft j, e, c, and " denotes Favre-average. To be able to solve the 
above set of equations the number of unknown variables has to equal the number of equations, 
when this is the case closure is achieved. Complete closure of the above system of transport 
equations requires the modelling of the turbulent transport term, pu"q" (turbulence model) and 
the mean rate of chemical reaction, W (combustion model). 
3.2 Turbulence Models 
The turbulent transport or sometimes known as the turbulent diffusion term, puz'¢", can be mod- 
elled using a standard k-e turbulence model (Launder and Spalding, 1972) in which transport 
equations of the turbulence kinetic energy, k, and it's dissipation rate, c are solved. It was based 
on high turbulent Reynolds number flows and assumed isotropic turbulence. The scalar transport 
or diffusion terms are then modelled using a simple gradient transport model: 
apu, ºcbµt aal 
äxi U'o 8x, 2 
(3.10) 
where QO is the Prandtl/Schmidt number and µt is the turbulent viscosity calculated from: 
2 
µt = Cop- (3.11) 
where Cµ is a constant of value 0.09. The Reynolds stresses, pui""uff" can be closed using a linear 
stress-strain eddy viscosity relation as (standard k- E): 
(äüß äý 2 9ü 2 
_- _pu'nuj, l _ lit \äxß 
+ axi) +3 pct5x -3 pk. (3.12) 
G 
Transport equations are used to obtain the turbulence kinetic energy, k, and its rate of dissipation, 
CHAPTER 3- GOVERNING EQUATIONS 60 
a1k 
+ 
ap k=a µt a)+ Sk (3.13) 
at axi äxi O'k axi 
a/E 
1 
a_üi_ 
-a 
[Lt aE 
at axi äxi 
(E 
äxiý + sE ) 
where Sk and SE are the source/sink terms of the turbulence kinetic energy and its dissipation 
rate, respectively. Sk is modelled as: 
Sk =P- pE (3.15) 
where P is the production of k due to mean velocity gradients: 
P µe 
C Ni aiii \ a21= 
(3.16) + axi /1 axi. . 
16) 
SE is modelled as: 
SE 
- 
(CEIP 
- 
CE2PE) + CE3PEa2Li 
äxi 
Compressibility term 
where the last term represents dissipation of turbulence due to effects of compressibility (Issa et 
al. 1986). 
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The linear eddy-viscosity model is based on theoretical justification from simple shear flows, 
and is known for its success in treating attached, fully-turbulent boundary layers subject to weak 
pressure gradients (Apsley and Leschziner, 1998). However, practical engineering flows can 
exhibit complex flow fields resulting, for example, in flow separation and swirl. The second- 
moment closure method, where transport equations are solved for each individual stress compo- 
nent, can be used, but are generally limited due to computational cost, numerical instability, and 
the requirement of modelling many terms. An alternative approach which has recently received 
increased attention in the past few years is the use of nonlinear eddy-viscosity models (Gatski 
and Speziable, 1993, Shih et al., 1993, Craft et al., 1996), where the objective is to account for 
complex strain mechanisms. This approach is based on formulating the Reynolds stresses by 
derivation from an algebraic Reynolds-stress model, which was first described by Pope (1975). 
The non-linear eddy-viscosity models are classified either as quadratic or cubic depending on the 
products of mean strain and vorticity tensors. To date, the application and validation of nonlin- 
ear eddy-viscosity models has been limited predominantly to non-reacting flows. However, Kuo 
et al. (1999) have studied quadratic and cubic forms of the eddy-viscosity models in isothermal 
and reacting cases. They found the cubic model of Craft et al. (1993) to provide the best results 
in both cases for the Reynolds stresses. In this model the Reynolds stress are expressed as: 
-pu"iu"j = -3Sijp1ý + µtSij +Cl Eilt[SikSkj - 
36iiSk1Skl] 
(3.18) 
+C2 /_lt[cikSkj + SZjkSki] + C3 µt[9ikSkj - 38ijIklSkl] 
2 
+Cq Ciµ/_tt(Skiclj + Skj1li - 3Skm1lm6ij)Skl 
C2 
- k2 k2 
} c6 cµµtSijSklSkl + C7 ,2 CulltSi, jQklOkl 
where C1=-0.1, C2=0.1, C3=0.26, C4=-1, C6 = -0.1, and C7 = 0.1. 
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CM 
1+0.35[m0.3 ax(S, cl)]' 
[1 - exp[-0.36/exp(-0.75max(S, S2))]]. (3.19) 
The strain and vorticity tensors, Sze and Qjj, and the strain and vorticity magnitudes, S and S2 
are computed from: 
aüi aüý aüi j_ SZý =+ ýý, = ax ax 
s Sei Sig 12 ci _k V[ ý1j Q=i /2 (3.20) axe ax2 iEE 
The formulation for Cµ with strain terms in the denominator has the effect of damping too large 
turbulent transport in separated shear layer regions (Craft et al., 1993). The addition of quadratic 
terms allows normal-stress anisotropy to be resolved, and the cubic terms account for sensitivity 
to mean streamline curvature and swirl (Aspley and Leschziner, 1998). 
Chapter 4 
Combustion Models 
In this chapter new BML and FSD model formulations for the mean rate of chemical reaction 
are developed and discussed. Concepts relating to these models were presented in chapter 2. For 
the BML model the availability of several experimental results yields different closures. Recent 
experimental findings, which highlight the need to modify the closure of the curvature stretch 
term in the FSD model, are used to propose an alternative closure for the source/sink terms of 
the FSD transport equation. 
4.1 Laminar Burning Velocity 
Laminar burning velocity is an important property in turbulent premixed flame propagation since 
it determines the rate at which a laminar flame will propagate. It is strongly dependent on the 
fuel and the equivalence ratio. Furthermore, it can vary with the pressure and unburnt mixture 
temperature (Turns, 2000). For the present work, the laminar burning velocity, UL, is calculated 
using a simple algebraic expression due to Metghalchi and Keck (1980): 
UL = 26Lo(To)C, 
( 
la 
(4.1) 
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where ULo is the reference unstrained laminar burning velocity, taken here equal to 0.41m/s for 
stoichiometric methane/air mixture, To and Po are reference temperature and pressure values 
(298.15K, 1. Olbar), respectively, TT is the unburnt mixture temperature and a and ,ß are con- 
stants with values 2.18 and -0.16, respectively (Turns 2000). 
4.2 BML Model Formulation 
The BML laminar flamelet model expresses the mean rate of chemical reaction as (Bray et al., 
1987): 
gc(1 - c)(1 + T) YV = öULlo (4.2 lu ILy(1+TC) 
where Ly is the flamelet wrinkling length scale, I,, is a factor correcting for mean effects of strain 
and curvature on the laminar flame, g is a constant whose value is fixed by the PDF of the flamelet 
crossing process, and Io, I is the cosine of the mean direction of crossing. Thus the problem 
of modelling the mean rate of chemical reaction W has been converted into modelling these 
controlling parameters. 
The I,, factor is evaluated using (Bray, 1990): 
_ 
0.117Kao. 784 
j° (1 +T) 
(4.3) 
where Ka is the dimensionless Karlovitz stretch factor given by (Abdel-Gayed et al., 1987) as 
u" 2 
Ka = 0.157 - 
RL0 
UL.. 
(4.4) 
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where u" is the RMS turbulent velocity and RL is the turbulent Reynolds number based on the 
macroscopic scale of turbulence. This expression for Io has shown to provide reasonable agree- 
ment with Io obtained by using the well known Kolmogorov lognormal PDF of dissipation (Cant 
et al., 1991). 
4.2.1 Flamelet Crossing and Direction Cosine Parameters 
Experimental reasoning has led to the use of values of g=1.5 and I oy I=0.5 (Cant and Bray, 
1988, Cant et al., 1991). However, recent experimental results due to Shy et al. (1996) indicate 
that the constant g should increase with the reaction progress variable (minimum and maximum 
values were 1.67 and and 3.16, respectively) and jay l=0.65. The work of Deschamps et al. 
(1996) also supports this since the peak mean flamelet surface density E was biased towards 
c=1 complementing the g variation. Furthermore, studies carried out by Patel and Ibrahim 
(1999) discussed how the use of the standard BML model predicted E peaks towards c=0 and 
overestimated the turbulent burning velocity ut. To this end g may be expressed as 
g=1+2c. (4.5) 
This formulation for the flamelet crossing frequency parameter results in g=3 at c=1 (fully 
burnt) and g=1 at c=0 (unburnt) with a linear variation across the turbulent flame brush. 
Therefore, the apparent peak towards c=0 for the flamelet surface density, E, resulting from a 
standard BML model formulation will be corrected by equation 4.5 to closely represent experi- 
mentally observed peaks towards c=1 (Deschamps et al., 1996). 
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Based on the findings of Chew et al. (1990), Chate (1987), and Chate et al. (1988) the wrinkling 
length scale Ly may be expressed as (Bray, 1990) 
LCL UL 
y= -L T(2l/) (4.6) 
A value of 1 may be assigned to the constants n and CL (Shepherd and Cheng, 1988). However, 
Bray (1990) suggested an algebraic expression for n based on fractal concepts of the form 
n=6D-13 (4.7) 
where D is a fractal dimension. Experimental data has been reported for D by Gouldin et al. 
(1988) Mantzara et al. (1989), and North and Santavicca (1990). The latter proposed that D 
may be given by 
_ 
DL DT 
Df 
++ -+1 UL ul 
(4.8) 
where DL and DT are the laminar and turbulent fractal dimensions having values of 2.05 and 
2.35 respectively. However, these values were not definite. Preliminary calculations suggest 
values for DL and DT of 2.19 and 2.32, respectively, which still gives reasonable results for D. 
All these values are based upon comparison between theoretical and experimental results for D 
for runs which cover a wide range of Reynolds and Damköhler numbers. 
An alternative derivation for the wrinkling length scale has been presented in chapter 8 (Patel 
and Ibrahim, 2000) using DNS results regression of Meneveau and Poinost (1991). However, for 
the numerical calculations presented in this thesis the wrinkling length scale formulation given 
in equation 4.6 has been used. 
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Table 4.1: Different forms of BML laminar flamelet model. 
MODEL g IUYI n 
BML-standard 1.5 0.5 1 
BML-FORM2 1 +2E 0.5 1 
BML-FORM3 1.5 0.65 1 
BML-FORM4 1.5 0.5 6D - 13 
BML-FORM5 1+ 2E 0.65 6D - 13 
4.2.3 New Formulation for the BML Model 
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In this work a new formulation for the BML model has been tested. The formulation follows 
from the discussion presented earlier on the flamelet crossing parameter, g, the direction cosine, 
jo 
,I, the wrinkling 
length scale, Ly, and the index, n. Values and expressions used for these 
parameters are shown in Table 4.1. As can be seen five forms of the BML laminar flamelet model 
have been investigated. From this point onwards the different formulations will be referred to 
as BML-standard, -FORM2, -FORM3, -FORM4, and -FORM5. 
4.3 FSD Model Formulation 
The source/sink term, Sr,, of the flamelet surface density transport equation has been discussed 
in chapter 2 and was written as (Veynante et al., 1996): 
Sr=(V. ü- <nn>s : Vi)E+<V "u"-nn: Vu">5E 
M, T. 
-0(<wn>s E)+<wV"n>s E. (4.9) 
P, c, 
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Attempts at modelling the source/sink term, Sr,, have been made by Cant et al. 1990, Cheng 
and Diringer, 1991, Meneveau and Poinsot, 1991, and Veynante et al., 1996. A validation of 
these model for turbulent burning velocity has been analytically reported by Duclos et al. 1993. 
However, recent findings by Veynante et al., 1996 and Shy et al., 1999 have shown that the stretch 
due to the flamelet propagation and curvature can contribute to production as well as destruction 
of the flamelet. 
In this section sub-models for Ms, Ts, CS, and Ps terms are formulated and discussed based on 
the most recent available experimental and numerical results. 
4.3.1 Mean Flamelet Stretch - Ms 
The mean flamelet stretch term Ms as given in equation (2.35): 
Ms=(V"ü-<nn >3: Vü)E (4.10) 
represents flamelet stretching due to mean velocity gradients. The difficulty in modelling this 
term arises due to a lack of knowledge of the orientation factor term < nn >s. However, Vey- 
nante et al. (1996) proposed a form for < nn >s based on experimental analysis of a stabilized 
propane-air V-shaped flame. Here their theoretical geometrical analysis is used to model the 
< nn >s diagonal terms, while the remaining terms are modelled using the model of Mantel 
and Borghi (1994), which showed reasonably good agreement with the experiments of Veynante 
et al. (1996). Thus, 
nznz nine nink 
u'; 'u u% 0.5 
2k 2k 
< nn >s= nine njnj njnk _ 
'. ý! u 0.25 
15 (4.11) 
2k 2k 
nink njnk nknk -- 0.25 2k 2k 
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where k is the turbulence kinetic energy and u" is the fluctuating velocity. The above proposal 
for < nn >s may be limited in validity in other configurations since it is based on experimen- 
tal analysis of stabilized propane-air V-shaped flames. Nevertheless, for one-dimensional flame 
propagation, considered here, the mean flow stretch can be modelled from equation (4.11) to 
give 
1VIS=CmiDuE. (4.12) 
where Cm 1=0.5 from the experiments of Veynante et al. (1996). 
For two-dimensional calculations the mean flow stretch can be modelled as: 
Ms = 
(Cmi äü 
+ Cm, 2 
äü 
+ Cm3 
OD 
+ Cm4 
aý: äv\ 
ax ýy x. (4.13) 
where the values for the flamelet orientation factors C... 1, Cm21 Cm3, and C. 4 can the obtained 
from equation 4.11. 
4.3.2 Turbulent Flamelet Stretch - Ts 
The turbulent flamelet stretch term Ts as given in equation (2.35): 
Ts=<V u" - nn: Vu">, E (4.14) 
represents flamelet stretching due to mean turbulent velocity gradients. As with the mean flow 
stretch term Ms the difficulty is in modelling the orientation factors nn, which may be mod- 
elled as in equation (4.11). However, another approach, used in the present work, is to use the 
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net flame stretch (that is the gross turbulent flame stretch effected by flame quenching) corre- 
lation of Meneveau and Poinsot(1991). This correlation is a regression of their DNS results of 
flame-vortex interactions, and accounts for a range of scales as well as their intermittent or statis- 
tical distribution of each scale that effects the flame. Using this regression the turbulent flamelet 
stretch can be modelled as (Veynante et al., 1996) 
Ts = ark IL1EE (4.15) 
(UL 
(5L) k 
where e is the dissipation rate of turbulence kinetic energy, a is a parameter that accounts for 
the relevant turbulence length scale, and has been reported in several studies to have a value of 
2.1 (for example, Boudier et al. 1992), and rK is the Intermittent Net Flame Stretch (ITNFS) 
function due to Meneveau and Poinsot, (1991), given in Appendix A. A central assumption in 
applying the ITNFS regression function to model Ts is that flame-vortex pair analysis is equiv- 
alent to flame-complete turbulent flow analysis. The variation of ['K or the ITNFS regression 
function with L/6L for constant values of u'/uL is shown in Fig. 4.1, where L is a characteristic 
turbulence length scale calculated from 
L= 3/4 
k3/2 
(4.16) 
It can be seen that the ITNFS function FK tends to be very sensitive for values of L/8L greater 
than 100 while the sensitivity increases with higher turbulence intensity, u'/uL. 
4.3.3 Flamelet Propagation Stretch - Ps 
The flamelet propagation stretch term Ps as given in equation (2.35): 
Ps = -V. (< wn >s E) (4.17) 
CHAPTER 4- COMBUSTION MODELS 
1c 
91 
u'/u x_30 
UYU L =10 
C6 0 
Ü 
C 
5 
y LL 
Z 
H 
4 
u`/u L _3 
100 101 102 10 10° 
Turbulence length scale/laminar flame thickness 
71 
Figure 4.1: Variation of rk or ITNFS regression function with L/SL for constant values of 
u uL. 
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represents flamelet stretching resulting from the local flame propagation. This term requires 
modelling of the term < wn >s which can be approximated to UL <n >s (Veynante et al. 
1996). The modelling of <n >s is facilitated by Cant et al. (1990) who from the exact geomet- 
rical relation <n >s E= -V? obtained <n >s= -VE/E. The Reynolds-averaged reaction 
progress variable, c, is related to Favre-averaged value of c by (Bray, 1990) 
+ T)ö 
C= 
ý1 + rö) 
(4.18) 
Thus, for the present work, the flame propagation stretch term Ps can be closed as (Veynante et 
al. 1996) 
(1 + T) a2ö PS UL (1 + Tc) ax2 
(4.19) 
4.3.4 Flamelet Curvature Stretch -Cs 
The flamelet curvature stretch term Cs as given in equation (2.35): 
CS=<wV"n>3E (4.20) 
represents the flamelet stretching resulting from local flame curvature. The difficultly in mod- 
elling this term shifts to modelling the surface averaged flame curvature <V"n >s. This term 
has been experimentally studied by Veynante et at. (1996) for stabilized propane-air V -flames. 
They note that this term acts as a source term near the leading edge of the flame and as a sink 
term near the trailing edge fully burnt side. To model CS the flame surface density, E, can be 
related to a flamelet wrinkling length scale L. by using (Bray, 1990): 
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E= gc(1 - c)/vyLy (4.21) 
where g and Qy are two reaction rate parameters which essentially account for the statistics of 
E-c profile and the orientation of the flamelet surface, respectively. Using equation (4.21) and 
assuming that the curvature term <V"n >s is inversely proportional to the flamelet wrinkling 
length scale Ly, CS can be modelled as (Veynante et al. 1996): 
G, 
s - UL-y(I 
+ TC) (C° - C) E2 
c(1 - c) 
(4.22) 
where y having a value of 0.4 controls the magnitude of Cs and c° taken equal to 0.5 controls 
the turn of the Cs term from source to sink. 
Recent experimental evidence (Shy et al., 1999) suggests the possibility of three different modes 
for the curvature stretch term (all positive, positive-negative, all negative). Therefore, for 2D 
calculations, the flamelet curvature stretch term, Cs, was closed as (Patel et al., 2002): 
CS = UL 
(1 + Tc`) ('Ysue° - 734 E2 4.23 
c") 
) 
2(1) 
where 'y and -y i have been introduced here to allow for the three aforementioned possible 
modes for the Cs term. For the 2D calculations reported later y and -yi have been set to values 
of 0.02 and 0.8, respectively. These values were obtained from sensitivity studies investigating 
their effect on the predicted peak pressure and flame speed. 
Chapter 5 
Numerical Algorithm 
In this chapter the computational technique used in the Turbulent Reacting Flow (TRF) code to 
solve the governing partial differential equations is presented. Equations to be solved are for the 
mass (continuity), momentum, fuel mass fraction, turbulence kinetic energy, rate of turbulence 
dissipation, and flame surface density. There equations are elliptic and non-linear in nature, and 
no exact analytical solution procedure exists, therefore a numerical computational technique is 
used. Discretisation of the equations is discussed along with the method used in solving each 
equation. A coupled system of equations will need to be solved in the test cases presented later, 
hence, the solution technique employed is detailed. The computational meshes and outlet bound- 
ary conditions applied to the test cases are also discussed. 
5.1 The Solved Equations 
The governing equation given earlier can be written in a general form as 
a(P )+ a(Püzý'ý) 
+ 
a(puý,,, ) 
Sý (5.1) 
at oxti axi 
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where N denotes Favre-average, p is the mean density, 4) is the dependent variable (1 for conti- 
nuity, ii for momentum, e for internal energy, k for turbulent kinetic energy, e for rate of turbulent 
energy dissipation, c for reaction progress variable), and Sp is its source/sink term. The three 
terms on the LHS of equation (5.1) represent the rate of accumulation, convection, and turbu- 
lent transport, respectively. The term on the RHS denotes source or sink terms, for example, 
in the momentum equation this would be the summation of the gradients in pressure, shear and 
Reynolds stresses. To reduce inaccuracies in the computation of pressure a pressure correction 
equation has been also been implemented into the code (Anderson, 1995). 
5.2 Finite Differencing 
The above general equation is discretised from its conservative form; that is the partial differ- 
ential terms are integrated over a finite volume, V. For example the first term of equation 5.1 is 
written in its conservative form as: 
fv aßä dV 
t 
(5.2) 
Hence a finite volume approach is used. Here, the finite volume represents the finite volumes 
defined by the computational mesh. To avoid pressure-velocity decoupling a staggered grid ar- 
rangement is used. This arrangement stores all the scalars at the finite volume cell centre while 
the velocities are stored at the cell faces, as shown in Fig. 5.1. 
To illustrate the discretisation process, consider the finite volume shown in Fig. 5.2 along with 
a 2D transient convection- diffusion equation (for clarity, the Reynolds and Favre-average sym- 
bols have been omitted): 
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Figure 5.1: Staggered grid variable arrangement. 
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Figure 5.2: Finite volume notations. 
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fa (pO)dV +fa (puo)dV +fy (PvO)dV = fv 
a ýroý dV +y (r aay) dV . v at v ax ä ax ax a 
11 12 13 14 15 
(5.3) 
Evaluating each integral in turn gives: 
e ý'n aa Il =I JS at (PO)dydx = at (Pc)Pbyns&xew (5.4) w 
12 =/J 
Cx 
(puc)dxdy =f 
n[(Puo)e 
- (Pucb)w]dy = [(Puc)e - (Pucb)w]Syns (5.5) 
(PvO)dydx = 
fw [(Pvcb)n 
- 
(PvO)3]dy = [(Pvcb)n - (Pvc)s]sxew (5.6) 13 
If 
Jsn 09Y 
14 = 
fnfe0/0ý/\ 
xI' . 
dxdy= f [(raO) (I' a 
90 ) 
w, 
dy (5.7) 
Assuming 0 varies linearly between cell centres, 0 is constant along cell faces, and that F varies 
linearly between nodes if it is dependent on 0 then I4 becomes: 
I4 
_ 
(IFE + I'p) (cE - OP) Syns - 
(Fw + Fp) (op - ow) Syns 
" 
(5.8) 
2 SXEP 2 SXPW 
Similarly, 15 becomes: 
I5 _ `rN 
+ FP) (ON - OP) Sxe. 
w - 
(Fs + Fp) (op - Os) Sxew. (5.9) 
2 6YNP 2 byes 
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The above technique can similarly be applied to the terms in the general equation which can then 
be grouped to yield the following form of equation: 
API)nn 1+ AwI)w 1+ AEq)E 1+ Asps+i + ANON 1= Sn (5.10) 
where AP, Aw, AE, As and AN represent the cell centre and neighbouring cell coefficients, and 
SD denotes the source/sink term. The time level has been denoted by n and n+1. A systematic 
build-up of equations for all the other cell centres will result in a system of coupled non-linear 
equations. These equations will be further coupled to the rest of the equations, for example, the 
momentum and fuel fraction equations. 
5.3 Equation Solver 
Each of the transport equations will generate a system of coupled equations which can be written 
in matrix form. To illustrate the build-up of a matrix consider a 4x4 grid shown in Fig. 5.3. 
Marching through all the grid points and setting up equations results in the following matrix: 
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J 
(2,4) ( (3,4) 
(p (1,3) (p (2,3) 0(313) 
(p (1,2) ý (2,2) (3,2) 
l(1,1) 
i 
0(2,1) 0(3,1) 
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Figure 5.3: 4x4 Computational grid. 
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Ap AN 0 0 
As Ap AN 0 
0 AS Ap AN 
0 0 AS Ap 
Avy 0 0 0 
0 Aw 0 0 
0 0 Air. 0 
0 0 0 Air. 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0 0 0 0 
0000 (D(1,1) Sß(1,1) 
0000 1(1,2) Sp (1,2) 
0000 1(1,3) S4, (1,3) 
0000 1(1,4) Sp (1,4) 
0000 x(2,1) Sß(2,1) 
0000 1(2,2) S4, (2,2) 
0000 1(2,3) S, (2,3) 
0000 I(2,4) S. D (2,4) 
AE 000 '(3,1) S4, (3,1) 
0 AE 00 (D (3,2) SD (3,2) 
00 AE 0 D(3,3) SiD (3,3) 
000 AE 1'(3,4) S4)(3,4) 
Ap AN 00 x(4,1) S, (4,1) 
AS Ap AN 0 1(4,2) S(p (4,2) 
0 As Ap Aw (D (4,3) S4)(4,3) 
00 AS Ap '(4,4) S1(4,4) 
81 
(5.11) 
The values for the variables at the new time step are computed using an indirect solution method. 
To illustrate this method consider a four by four grid arrangement as shown in Fig. 5.4. First, 
note the outer grid points are on the boundary, hence, the variables are known. Looping through 
all the i-points, setting up and manipulating equations would allow the solution of j-point vari- 
ables. Then looping through all the j-lines would result in an equation with one unknown which 
in turn can be calculated. This calculated value can be substituted systematically into the other 
equations to solve for other variables. 
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5.4 Boundary Conditions 
5.4.1 Outlet 
For the outlet boundary a transmissive boundary condition is employed to avoid pressure reflec- 
tions. This made it possible to use a comparably shorter computational length than would have 
been possible with a zero gradient boundary condition. The transmissive boundary condition is 
applied at the outlet where a transmissive function (see Appendix C) is used to set up the bound- 
ary condition of the normal velocity. 
5.4.2 Near Wall 
The scales of turbulence near a wall can become extremely small at high turbulence Reynolds 
number compared to the unbounded flow away from the walls. This in turn would require a 
fine mesh resolution near the walls. However, this can become unfeasible due to computational 
expense. The law of the wall model allows an alternative means to model the near wall fine 
scales of turbulence without having to resort to a fine mesh near the wall. 
The law of the wall relies on the existence of a logarithmic region in the velocity profile. In the 
logarithmic region, the velocity profile is 
U+ = 
u21 
=1 lnn+ +B (5.12) 
UT 9 
where u,, is the velocity parallel to the wall, uT is the shear velocity computed from: 
Ur = TWI P 5.13) 
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where -r,,, is the shear stress near the wall, ic is the von Karman constant (t = 0.41), B is an em- 
pirical constant related to the thickness of the viscous sub-layer (B -- 5.2 in a flat plate boundary 
layer) and n+ is the dimensionless distance from the wall given by 
n+ = 
Pu, n (5.14) 
µ 
The shear velocity, u, is computed using: 
UT = CIt 
1/4kl/2. (5.15) 
From this equation and equation 5.12 an expression connecting the velocity at the first grid point 
above the wall and the wall shear stress can be written as 
Tw = pu, 2 = fiCM114 1/2ln(ruwrB) (5.16) 
n+e 
The law of the wall should be applied at the first grid point which should be within the logarith- 
mit region, i. e. n+ > 30. 
5.5 Solution Method 
5.5.1 Solution of System of Equations 
The linearized equations are solved using the Pressure-Implicit-Splitting-Operation PISO solver 
(Isla, 1986). The solver splits the solution at a time step into two stages: the first stage is the 
predictor stage and the second stage is the corrector stage. In the first stage the time derivative 
in the scalar equations is stored using old values of the density and scalar field. In the second 
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stage the equations are solved iteratively, however, the stored quantity of the first stage is not 
modified. 
5.5.2 Computational Mesh 
For the present work a uniform mesh has been applied to the geometry investigated. However, 
modifications have been made to cater for non-uniform and adaptive meshing. The different 
mesh types were needed in order to resolve small scales of turbulence while not substantially 
increasing the computational time. The cells of the mesh are the finite volumes on which the 
conservative forms of the equations are applied. Euler differencing or first order time differenc- 
ing along with upwind, and central differencing schemes are used to discretised the equations. 
5.5.3 Time Step Control 
The time step is controlled by the Courant number (Ferziger and Peric, 1999) which is the ratio 
of the computational time step to the characteristic convection flow time. Here, the time step 
is restricted to yield values of the Courant number which are less than 0.2. This ensures that 
sufficiently small time steps are taken to resolve variations in the mean flow field. Two other 
time scales of importance are the Kolmogorov and the chemical reaction time scales which have 
been discussed in chapter 2. Both of these time scales are used to ensure that smaller time steps 
are taken to capture the turbulence and combustion time scales. 
5.6 Accuracy and Computing Time 
The accuracy of the calculation procedure is dependent on many factors. For example, inac- 
curacies can arise from the mathematical model, the solution method employed for the cou- 
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Figure 5.4: Illustration of set-up of equations. 
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pled system of equations, the time step control, the mesh, and the boundary conditions. In the 
present study since premixed combustion modelling is examined and developed, some work has 
been carried out to ensure sufficient confidence in minimising inaccuracies arising from solution 
method, time step, mesh, and outlet boundary condition. 
Issa et al. (1986) have carried out validation of the PISO solution method for turbulent premixed 
combustion using a corresponding analytic solution. In the present work the KPP analysis (see 
Appendix B) which yields an analytic solution for the turbulent burning velocity has been used to 
validate the TRF code. A comparison between numerical and analytic solution of the turbulent 
burning velocity is shown in Fig. 5.5. Also shown in this figure is the temporal change in flame 
speed to highlight the initial transient and then steady turbulent flame propagation phases. The 
figure shows that good agreement is obtained between numerical and analytic solutions. The ef- 
fect of boundary conditions have been studied by investigating the sensitivity of relevant results 
to the computational length. It was found that negligible difference in solution was obtained 
with computational length greater then 0.6m. Grid dependency of the results was investigated 
by using different uniform mesh resolutions (0.5mm to 2.5mm), and by applying non-uniform 
and adaptive grids. The results were found to be negligibly sensitive to the type of meshing em- 
ployed, however, it was ascertained that resolution greater than 2.5mm resulted in considerable 
sensitivity of results. Therefore, a non-uniform grid, where the near obstacle and wall regions 
are more finely resolved, with maximum grid resolution of 2mm was used. Convergence was 
achieved by allowing the residuals for the solved pressure correction equations to be less than 
1x 10-10, however, this limit was relaxed (e. g. 1x 10-8) when problems with numerical stability 
were encountered. 
The calculations were carried out on a Silicon Graphics Octane machine which had 2 gigabytes 
RAM and a 400MHz R12000A with 2 megabytes cache CPU. Typical CPU time for a 1D run 
with about 8000 grid points and average time step size of 2x 10-s was around 9 hours. For the 
2D runs an average of 30000 cells and time step size of around 6x 10-1 required about 45 hours 
of CPU, respectively. For the calculations 60ms was needed to obtain full flame propagation. 
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Figure 5.5: Comparison between numerical and KPP analytic turbulent burning velocities, also 
shown is the flame speed to highlight the steady turbulent flame propagation phase. 
Chapter 6 
Preliminary Description of Selected Test 
Cases 
In this chapter details of the test cases for the application of the numerical model described in 
the previous chapters are given. The choice has predominately been based on the availability 
of experimental data for turbulent burning velocity, flame structure, pressure history, and flame 
speed for a range of turbulence conditions relevant to practical applications. The first test case 
used has emerged from the experimental work carried out at Leeds University by Andrews and 
Bradley (1973), Andrews et al. (1975), Abdel-Gayed and Bradley (1977,1981), Abdel-Gayed et 
al. (1987), and Bradley et al. (1991), from which a correlation for the turbulent burning velocity 
has been proposed. This correlation is attractive as it is based on numerous experimental data 
and therefore provides good confidence on validating the numerical model. Indeed, this cor- 
relation has been the subject of previous research, for example, Bray (1990) and Duclos et al. 
(1993). Furthermore, to support the correlation due to Abdel-Gayed et al. (1987) the turbulent 
burning velocity correlation due to Gülder (1990) for different regimes of combustion has also 
been used. The aim of the other two test cases is to validate the numerical model in predicting 
flame structure and pressure history for turbulence conditions relevant to practical applications 
in different configurations. Note that the validation of the numerical model in different config- 
urations is of importance if the model was going to be applied to other practical systems, such 
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as in IC engines. Here it was realised that experiments carried out at Loughborough University 
(Hargrave et al., 2000 and Jarvis et al., 2001) would allow flexibility in gaining highly resolved 
experimental data. 
6.1 Leeds Fan-Stirred Bomb 
The turbulent burning velocity is one of the critical characteristic of turbulent premixed flame 
propagation. It is essentially the rate of flame propagation in a turbulent flow field. It has been 
theoretically derived from first principles by Sivashinky, 1988, Yakot, 1988, Ronney and and 
Yakot, 1992, and subsequently requires experimental validation, as has been carried out by Kli- 
menko (1998) using experimental data by Bradley et al. (1992). Several techniques have been 
explored to measure turbulent burning velocity and a critical review of the various methods was 
carried out by Andrews and Bradley (1973) who concluded that one of the convenient and accu- 
rate methods was the double kernel technique of Raezer and Olsen (1962). In this technique high 
speed schlieren photography of twin propagating flame kernels, ignited simultaneously at sepa- 
rate spark gaps, records the instant when the edges of the developed kernels meet, at which time 
the separation distance of the kernels reduces at twice the turbulent burning velocity. The Leeds 
fan-stirred bomb (Andrews and Bradley, 1973) utilises the double kernel technique to measure 
the turbulent burning velocity. Abdel-Gayed et al. (1987) have combined the data collected 
with available experimental data for the turbulent burning velocity resulting in over a thousand 
experimental data points. Turbulence conditions corresponding to the turbulent burning veloc- 
ity measurements have also been obtained. The collated data is reported in Abdel-Gayed and 
Bradley (1977) and Abdel-Gayed et al. (1987). They have proposed an empirical correlation 
for the turbulent burning velocity which is used to validate the calculations. The correlation for 
the turbulent burning velocity, ut, is (Abdel-Gayed et al., 1987): 
ut 
= 0.157(u'/uL)RL0.5. (6.1) UL 
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This correlation is plotted in Fig. 6.1 for constant Reynolds numbers. In the present work, val- 
idation is carried out for various constant turbulence Reynolds number lines, as shown in Fig. 
6.1. 
To support the correlation due to Abdel-Gayed et al. (1987), Gülder (1990) has proposed expres- 
sions for the turbulent burning velocity for different regimes of combustion based on numerous 
experimental data. Using the terminology of Gilder (1990) the wrinkled, intermediate, and dis- 
tributed regimes of combustion, have been defined, respectively, by 
Wrinkled 
3200 > RL > [1.5 ul ]4 
UL 
(6.2) 
Intermediate 
Distributed 
[1.5 u 14 > RL > [0.6 
u, ]4 (6.3) 
UL UL 
RL < [0.6 u- ]4 
UL 
(6.4) 
and their corresponding expressions for the turbulent burning velocity in respective order are 
(Gülder, 1990): 
Wrinkled 
Intermediate 
ut 
= 1+0.62( 
Ul + 0.62(uß )1/2RL1/4 (6.5) 
UL UL 
ut 
= 1+0.62RL1/4exP(o. a( 
ui)li2) (6.6) 
UL 
Distributed 
Ut 
=6.4()(u)3/4. - UL UL U' (6.7) 
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6.2 Loughborough Experiments 
Flame structure and pressure are two central results which need to be validated over a range of 
combustion regimes. To this end collaboration with the Mechanical Engineering department at 
Loughborough University resulted in an initial proposal of experiments, which was further ex- 
tended. First it was decided to carry out experiments on a single mounted obstacle. This allowed 
initial testing and validation to be carried out. The next step was setting up of experiments with 
multiple obstacles allowing the validation of a model to reproduce trends in results under various 
regimes of combustion. 
A schematic of the experimental rig is shown in Fig. 6.2. The Hasting mass flow apparatus was 
used to fill the combustion chamber with a mixture of methane, CH4, and air of desired strength. 
Details of the combustion chamber are shown in Fig. 6.3. A flat plate obstacle applying a block- 
age ratio of 50% was mounted in the combustion chamber. The mixture was contained within 
the combustion chamber by stretching a piece of household cling film across the cross-section 
at a chamber height of 0.5m. Seeding particles were added to the mixture to allow a copper 
vapour laser to trace the flame propagation. Single point spark-ignition was used at the closed 
end, as shown in the schematic. Images of flame propagation were stored using a Charge Cou- 
pled Device (CCD) camera operating at 40,000 frames/s. A pressure transducer was mounted at 
the closed end of the combustion chamber to record the pressure-time history. The experimen- 
tal data were analysed to obtain results of flame images at various times, flame location versus 
distance from the closed end, and pressure-time history. A useful parameter to process was the 
leading edge flame front speed. This result along with the pressure history will enable both trans- 
verse and longitudinal flame propagation rate to be validated. Measurements have been taken in 
two different combustion chamber setups with different cross-sections allowing the numerical 
model to be tested in different configurations. 
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6.2.1 Single Obstacle 
A schematic for the multiple obstacle configuration is shown in Fig. 7.1. The intention of mount- 
ing the obstacle is to generate an obstruction to the propagating flame and thereby test the flame 
structure and speed. Experimental images of flame propagation can be seen in Fig. 6.4. Four no- 
ticeable stages of flame propagation can be seen. First the flame flattening effect as it approaches 
the obstacle, then the flame jetting past the clearance gaps, followed by the flame reconnection 
behind the obstacle, and finally the flame venting phase. The pressure history is shown in Fig. 
6.5. It can be seen that the first peak occurs at about 33ms and can be due to the pressure buildup 
behind the obstacles as the flame approaches the obstacle. The subsequent drop in pressure can 
be explained due to the effects of flame jetting in the clearance gaps. The second higher peak 
pressure occurs after the flame jetting phase and can be explained by the increased flame stretch- 
ing resulting as the flame front meets the flow field behind the obstacle. Variation of flame speed 
along the height of the chamber is shown in Fig. 6.6. It can be seen that the flame accelerates as 
it travels into the jetting regions and slows down as it leaves the jetting region, which can be due 
to the effect of the obstacle wake flow field. Flame deceleration can be seen in the region 0.18m 
to 0.21m which occurs due to flame turning behind the obstacle and the interaction of the flame 
front with the counter-rotating eddies behind the obstacles. As the flames reconnect longitudinal 
flow effects dominate in comparison to transverse effects and result in the apparent subsequent 
acceleration. 
6.2.2 Multiple Obstacles 
A schematic for the multiple obstacle configuration is shown in Fig. 7.2. The use of the three 
mounted obstacles was to allow the build-up of turbulence and thereby setup different regimes of 
combustion. Furthermore, the width of the combustion chamber has been doubled again which 
will provide the ability to test the developed models in different geometries. Again, as for the 
75mm width chamber with a single obstacle, flame flattening, jetting, reconnection and vent- 
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Figure 6.4: Experimental flame images taken at different times after ignition in the 75mm com- 
bustion chamber with a single obstacle. 
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ing can be seen from the experimental flame images in Fig. 6.7. The main difference with the 
three obstacle setup, however, is the coexistence of flame flattening, jetting, reconnecting, and 
venting. This creates a complex interaction between the flow, flame, and obstacle, and is a chal- 
lenging problem for a numerical model. As shown in Fig. 6.8, the trend in the variation and 
time of occurrence of the pressure peaks is in good agreement with the single obstacle exper- 
imental observations. The pressure predictions clearly show a decay in the rate of increase in 
pressure between times ranging from 20 to 26ms which can be attributed to the flame jetting. 
The trough and peak observed in the experimental pressure history between 25ms and 34ms can 
be attributed to the effects of the blockage imposed by the obstacles, the flame jetting, and the 
disintegration of the disposable sealing membrane. Variation of flame speed along the chamber 
height as a function of distance from the ignition end is shown in Fig. 6.9. It can be seen that 
there is a drop in flame acceleration between the obstacles and increased acceleration as the flame 
propagates past the obstacles, which can be attributed to the wake regions behind the obstacles 
and the jetting regions, respectively. Values for flame speed can be seen to range from 9ms-1 
to 54ms-1, with peak velocities between the obstacles increasing as the flame propagates past 
the three obstacles, which can be due to increased level of turbulence around the first to the third 
solid obstacles. 
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Figure 6.7: Experimental flame images taken at different times after ignition in the 150mm com- 
bustion chamber with multiple obstacles. 
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Figure 6.8: Experimental results of pressure history after ignition in the 150mm combustion 
chamber with multiple obstacles. 
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Chapter 7 
TRF Code Results 
7.1 Numerical Simulations 
7.1.1 Steady Turbulent Propagating Flames 
Turbulent premixed flame propagation in engineering problems is more than likely to be highly 
unsteady due to the transient nature of the flame/flow interactions. However, cases can occur 
where a steady turbulent premixed flame propagation is sustained. This can happen when all the 
flamelet stretching mechanisms attain a steady-state. The advantage of steady turbulent propa- 
gating flames is that the turbulent burning velocity can easily be correlated to turbulence condi- 
tions (Abdel-Gayed and Bradley, 1977). This then allows a basis to validate premixed turbulent 
combustion models for a range of turbulence conditions (Bray, 1990). 
Steady turbulent propagating flames are simulated in 1D for different homogeneous turbulence 
fields. The range covers Ulf/UL =5- 20 and RL = 500 - 3000. It was necessary for the com- 
putational length to be varied in order to clearly identify a steady propagating flame. Boundary 
conditions applied to the two ends of the computational length were of a fixed wall and trans- 
missive outflow. Uniform and adaptive grid forms were employed to allow computational ef- 
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ficiency. Typical grid resolution was of the order of 0.1mm which was found be sufficient for 
grid independent solutions. For the adaptive grid the finer mesh was applied through and around 
the reaction zone while the remaining length used a coarser mesh. Stoichiometric methane-air 
mixture was used. Sensitivity of steady propagating results to mixture ignition was found to be 
insignificant and therefore a simple ignition method which burns a small volume of mixture over 
a specified time to setup a gradient of reaction progress variable was used. At the end of ignition 
time the turbulent flame propagation starts to be controlled with the BML or the FSD model. 
7.1.2 Flame Propagation Past Solid Obstacles 
Premixed turbulent flame propagation past solid obstacles is simulated using 2D calculations. 
The computational geometries for the single and multiple obstacle are shown in Fig. 7.1 and 
7.2, respectively. Initial conditions for turbulence were set at k=0.04m2s-2 after several sen- 
sitivity studies and resulted in a realistic early rate of flame propagation. These values are in 
good agreement with those quoted by Catlin et al. (1995). A uniform and non-uniform mesh 
was applied. When the non-uniform mesh was used the regions around the obstacles were re- 
fined. The mesh was also refined near the walls. Grid resolution ranged from 0.7mm to 2mm and 
was found to result in grid independent solution. Boundary conditions were of fixed walls en- 
closing a stoichiometric methane-air mixture with a transmissive outflow condition at the open 
ends of the two chambers. In the present work no attempt was made to model the disposable di- 
aphragm. Sensitivity of mixture ignition to the results was found to negligible. In this way a sim- 
ple mixture ignition model which burnt a semi-circle of specified radius (3mm) over a specified 
time (2ms) was used to setup a gradient of reaction progress variable. To avoid unrealistic flame 
acceleration along the walls a modified BML model was applied near the wall boundaries. The 
modifications made were to the PDF of crossing frequency, g, which was set to a value of one, i. e. 
g=1 and the fractal dimension, D, which was set equal to the laminar fractal dimension, DL. 
For the BML model, it was also necessary to apply these modifications during a quasi-laminar 
flame propagation. In this case the transition from quasi-laminar to turbulent flame propagation 
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was controlled through the ratio of turbulent to laminar flamelet stretch, KT/KL, as formulated 
by Boudier et al., 1992. After transition the different forms of the BML model already discussed 
were applied. No treatment was required for the FSD model to account for realistic early flame 
propagation. 
7.2 Turbulent Burning Velocity 
As mentioned in the introduction, realistic predictions of flame structure and speed are of current 
research interest. A characteristic quantity of importance is the turbulent burning velocity for 
which numerous well-documented experimental results exist (see for example, Abdel-Gayed et 
al. 1977,1985 and 1987). In this way the algebraic formulation and transport equation mod- 
els are examined and developed using 1D numerical calculations and available experimental 
and DNS results. Comparisons are also made with results from a classical EBU model. Tur- 
bulent burning velocity predictions are compared with experimental results of Abdel-Gayed et 
al. (1987) and Giilder (1992). 
Figure 7.3 shows results from numerical predictions of reaction progress variable, reaction rate, 
flame surface density, and velocity which highlight the initial transient and steady-state phases. 
Different initial values and profiles for the flame surface density, E, and the reaction progress 
variable, c in the ignition region were used to minimize the time duration to attain steady-state 
results, such as those shown in Fig. 7.3. At the steady-state phase the progress variable temporal 
evolution and the flow velocity ahead of the flame front were used to obtain the turbulent burning 
velocity, ut by using 
ut=ST - up (7.1) 
where ST is the turbulent flame propagation- speed and up is the steady-state flow velocity ahead 
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of the flame. Another method was also used to confirm the values of ut by using 
UP 
ut =- (7.2) 
T 
where T is the heat release parameter evaluated at the flame front. Calculated values for the 
turbulent burning velocity obtained from both methods were in good agreement. 
Numerical results have been obtained for the five forms of the BML flamelet model (see equa- 
tions (4.5), (4.6), (4.7), (4.8), and Table 4.1), and an EBU model (Patel and Ibrahim, 1999) for 
a wide range of turbulence conditions (1.025 < u" < 8.2ms-1 and 500 < RL < 3000). More- 
over, since the experimental results of Abdel-Gayed et al. (1987) have been presented in the 
form of a series of constant RL lines; the present set of results have been obtained for constant 
RL by pre-setting values for u" and LT. 
7.2.1 Standard Bray-Moss-Libby Model Results 
Figure 7.4 shows a comparison between the predictions of the BML-standard model and the ex- 
perimental results for RL of 500,1000,2000, and 3000. It can be seen that the trends of if and 
RL effects on Ut/UL are reproduced, and the model also yields the gradual decay of the gradients 
in Ut/UL at constant values of RL. Systematic parametric investigation and/or the KPP analyti- 
cal result (Bray, 1990) both suggest that this gradual decay is attributable to the stretch factor 10. 
However, this form of the BML model over-predicts the experimental results, with the extent 
of over-prediction increasing as Ut/UL increases. This gradual increase in the over-prediction 
may be explained through the algebraic expression for I,, which has been shown to over-predict 
increasingly the values of Ia obtained using the Kolmogorov pdf of dissipation, as Ka increases 
(Bray, 1990). 
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Figure 7.3: Typical 1D predictions of reaction progress variable, rate of reaction, and flamelet 
surface density at time intervals of 1 ms; also shown is the variation with time of the flame speed 
and ut (u"/uL = 10.0, RL = 1000). 
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7.2.2 Sensitivity Analysis of the Bray-Moss-Libby Model 
The results of the four alternative forms of the BML model are obtained for RL = 2000, and 
compared with the experimental and the BML-standard model results. The results and compar- 
isons of these four models (BML-FORM2, -FORM3, -FORM4, -FORM5) are shown in Figs. 7.5, 
7.6,7.7, and 7.8, respectively. These results are then collectively shown along with the results 
of the EBU model in Fig. 7.9. Similar trends are also found for different RL values. 
7.2.2.1 Effect of g Parameter 
The g parameter is used to evaluate the flamelet surface density formulation of the BML model 
(see chapter 4). The results of the BML-FORM2 are shown in Fig. 7.5. This essentially shows 
the effect of g formulation on the BML model predictions. This form differs from the BML- 
standard model in expressing the constant g as a function of progress variable E. It can be seen 
that the over-predictions of the BML-standard model are reduced, and there is a closer corre- 
spondence between the experiments and predictions in relation to the gradients of the constant 
RL lines (range of Ut/UL over-prediction approximately 5 -12). Here, the observed trend of gra- 
dient reduction in Ut/UL as U"/uL increases may be explained by the combination of 10 effects 
(as already explained above) and the g parameter. 
7.2.2.2 Effect of J ay I Parameter 
The results of the BML-FORM3 model (modified Ja l) shown in Fig. 7.5 yield very similar 
conclusions to that of the BML-FORM2 model results. However, this model does not appear 
to improve on the level of correspondence between the gradients of the constant RL lines of 
predictions and experiments. These findings are perhaps what would be expected since day I is 
inversely proportional to the mean rate of reaction W and not a function of c. If, Ja I was a 
function of c then it would effectively act as a weighting on the turbulence profile across the 
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Figure 7.5: Effect of g parameter on BML model predictions, --- predictions, - experiments 
(Abdel-Gayed et al., 1987). 
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turbulent flame brush, and therefore, in turn would have an effect on both the turbulent burning 
velocity results as well as its variation with turbulence conditions. 
7.2.2.3 Effect of n Parameter 
Figure 7.7 presents the results of the BML-FORM4 model (modified n) showing improvements 
from the BML-standard model. In this model the constant n is a function of laminar and tur- 
bulent fractal dimensions DL and DT, respectively, as shown in Table 4.1 and equation (4.8). 
Moreover, preliminary calculations using 2.05 and 2.35 for DL and DT respectively provided 
a near linear relation between Ut/UL and u'/uL for constant RL. Hence, DL and DT are pro- 
posed new values (2.19 and 2.32, respectively) which still give results for the fractal dimension 
D within the experimental results of Santavicca and North (1990). 
7.2.3 Results From The Modified Bray-Moss-Libby Model 
Figure 7.8 shows the results obtained by combining BML-FORM2, -FORM3, and FORM4 mod- 
els, hence model BML-FORM5. It can be seen that this model provides plausible correspon- 
dence with the experimental results. However, the model under-predicts Ut/UL at low U'/UL 
(< 7) and over-predicts Ut/UL at high u'/UL (> 7), but the difference is quite marginal. 
An overall view of the predictions is given in Fig. 7.9 where all the model predicted results are 
presented along with the results of the EBU model and compared with the experimental results. 
It can be noted that the EBU model does not reproduce the gradual decay of the gradient of the 
constant RL line which can be attributed to the model's inability to account for flame character- 
istics such as its thickness, speed, and stretch. 
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7.2.4 Results From The Standard Flamelet Surface Density Model 
Figure 7.10 shows a comparison between predicted and measured results of turbulent burning 
velocity for turbulence Reynolds numbers, RL, of 500,1000,2000. The measured results corre- 
spond to the correlation proposed by Bray (1990) for the experimental results of Abdel-Gayed et 
al. (1989). It can be seen that for a fixed turbulence Reynolds number the model predictions for 
turbulent burning velocity, ut/uL, agree well with the experiments at low turbulence intensities, 
u'/UL, while at higher values the FSD model is seen to over-predict the experimental results ac- 
cordingly. This apparent discrepancy may be attributed to the accuracy of the modelling of the 
source/sink terms in the E equation. The presence of counter-gradient diffusion for the range of 
turbulence conditions covered in the present work can be obtained from the Bray number, NB, 
which is defined as (Veynante et al. 1997) 
TUL 
B- 2alull (7.3) 
where al accounts for the relevant turbulence length scales and is of order unity. Values of 
NB < 1, and NB >1 indicate gradient and counter-gradient diffusion, respectively, while 
NB ý-- 1 indicates negligible scalar flux. For the turbulence conditions investigated, here, the 
Bray number, NB, was found to be less than unity. This suggests that the counter-gradient dif- 
fusion effects are negligible for the flow conditions covered in the present work. 
7.2.4.1 Analysis of the E Transport Equation 
Figure 7.11 shows the variation of the Ms, Ts, PS, C, CV, and DF terms for the condition 
U11/UL = 2.5 and RL = 1000. It can be seen that the dominant terms are Ms, Ts and Cs while the 
P. and DF terms are negligible. This highlights the importance of accurately modelling the Ms, 
Ts and Cs terms. It was also noted that the dominance of these terms was also true for the range 
of turbulence conditions covered in the present work. This can be seen in Fig. 7.12, in which an- 
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other set of results is shown for Ms, Ts, Ps, CS, CV, and DF terms for the condition u'/UL = 10.0 
and RL = 1000. Also shown in Figs. 7.11 and 7.12 is the term, Es = SE - CV + DF, and E. 
Both figures show that peak E occurs approximately at c=0.7 at which Es -- 0 due to steady- 
state. The peak location of c=0.7 agrees well with the experiments of Deschamps et al. (1996) 
and the DNS results of Echekki et al. (1995) which show the peak to range from c=0.5 to 
c=0.75. 
The over-predictions seen in Fig. 7.10 may be due to inaccurate modelling of the CS term. This 
term has been shown, through experimenting with liquid flames (Shy et al. 1999), to have three 
possible modes of variation in c space. Mode 1 is described by convex flamelet structure which 
results in Cs to be all negative. Mode 2 is described by a combination of convex and concave 
flamelet structure which results in Cs to be positive and negative. Mode 3 is described by con- 
cave flamelet structure which results in Cs to be all positive. However, the curvature term in this 
paper only accounts for Mode 2; this is because the other two modes were identified in aqueous 
flames (see Shy et al. 1999) and it still remains to be seen whether these three modes do exist in 
gaseous premixed turbulent flames. Nevertheless, assuming that three modes do exist for the tur- 
bulence conditions covered in the present work, it could be that for u'/uL and RL at which over- 
predicted ut were observed, the Cs term could be all destructive. Similarly, the under-predictions 
at low U'/UL and RL could be corrected with a productive CS term. In the region of U1/UL and 
RL where close agreement of ut was observed between the experimental and predicted the Cs 
term could have a combination of productive and destructive variation with c. Accounting for 
the other possible modes into the Cs term, as formulated in the present work, would be difficult 
since not much is known on the existence of the three modes of C3 over a range of turbulence 
conditions. For example, Veynante et al. (1996) and Shy et al. (1999) only focus on low values 
of turbulence intensity, U'/UL and Reynolds number, RL. 
Another possible inaccuracy may be in defining the value for the constants Ct and cti in the Ms 
and Ts stretch terms, respectively. While in the present paper the value for Cm is set at 0.5 (Vey- 
nante et al. 1996), it maybe that this constant is different or depends on the turbulence condition. 
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Similarly, a value of a=2.1 (as used by Boudier et al. 1992) may change with turbulence con- 
ditions, due to inaccurate evaluation of the turbulence integral length scale, L. Thus, the Mg, 
Ts and Cs stretch terms are difficult to model accurately at this stage, and ideally experimental 
results of these terms in c space for a wider turbulence range is required. 
The model for the curvature term, Cs, as used in the present paper, results in plausible predic- 
tions of E-c (see Figs. 7.11 and 7.12), as discussed earlier. However, it was noted that the 
E values were over-predicted at high u"/uL and RL, hence the observed over-predictions in ut. 
For example, for the conditions u"/UL = 10.0 and RL = 1000, the predicted maximum value 
of E= 1755m-1 compared with experimental results of Smallwood et al. (1999) shows over- 
predictions of approximately 1000m-1. The sensitivity of ut to the values for ry and c° was stud- 
ied, and it was found that no significant improvements were attained in predicting ut (the KPP 
analysis, see later, can also be used to show this). Now, since the sensitivity of ut to the values 
for Cl, -y and c°, has been found not to improve the predictions significantly, the remaining pa- 
rameter oz can be modified to take into account the discrepancy in evaluating the turbulence char- 
acteristic length scale, L from equation 4.16 (see Libby (1996)). The turbulent flamelet stretch 
term, Ts is proportional to the characteristic turbulence length scale, L, which is evaluated from 
equation 4.16. This equation is based on considering production equals dissipation of turbulence 
kinetic energy, hence, suggesting that this equation is valid for small turbulence scales. There- 
fore, the length scale formulation will be more valid at low Reynolds number than at higher val- 
ues. This may explain the increasing degree of over-prediction for the turbulent burning velocity, 
ut, as the Reynolds number, RL, increases (see Fig. 7.10). A similar argument can be used to 
address the increasing over-prediction of ut, for a given Reynolds number, with u'/UL. 
7.2.4.2 Regimes of Combustion 
The different regimes of turbulent premixed combustion from Kobayashi et al. (1997) are shown 
in Fig. 7.13 along with the regimes covered within the present work. In this figure, Da is the 
Damköhler number defined as the ratio of large scale turbulence to reaction time scale, and 71 is 
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the Kolmogorov turbulence scale. It is seen that the FSD model predictions cover two regimes 
of combustion, namely the corrugated and the broken flamelet regimes. Since the FSD model 
accounts for flamelet wrinkling and local quenching mechanisms through its source/sink terms 
of the flame surface density, it can be expected that the presently formulated FSD model is valid 
for the two regimes of combustion covered in the present work, depending on the validity of the 
models for the source/sink terms of the flame surface density equation. 
The turbulent burning velocity, ut, in the different regimes of combustion has been investigated 
by Gilder, (1990), resulting in different expressions of ut in different regimes of combustion. 
The criteria used to identify the combustion regimes are tabulated in Table 7.1 (Gülder, 1990). 
According to the combustion regime criteria as proposed by Giilder, (1990), it was found that 
the present predictions not only covered the wrinkled and corrugated regimes, but also the dis- 
tributed, or flamelet pockets, regime, hence the inclusion of the distributed regime criteria in Ta- 
ble 7.1. The apparent discrepancy between the findings of Kobayashi et al. (1997) and Gülder, 
(1990) on the regimes of combustion covered by the present work can be attributed to the diffi- 
culty in accurately identifying the change from corrugated to distributed regimes of combustion. 
For the conditions investigated within the present work the corresponding regimes of combus- 
Table 7.1: Criteria and burning velocity expressions for the different regimes of premixed com- 
bustion as proposed by Gülder (1990) 
Range Regime of Burning Velocity 
Combustion Expression 
3200 > RL > [1.5, L ]4 
L 
[1.5 _L]4 > RL > [0.6 
L]4 
UL UL 
RL < [0.6-L] 4 UL 
Wrinkled 
Corrugated 
Distributed 
=1+0.62(üi) 
1/2RL1/4 
UL 
ý- =1+0.62RL1/4exv(0'4i üL i1iZ) UL 
-- = 6.4( u/ )(-)3/4 UL UL U/ 
tion can be obtained using the criteria given in Table 7.1 and the findings are tabulated in Table 
7.2. Also tabulated in Table 7.2 are two sets of experimental results for the ratio of turbulent 
burning velocity to the laminar burning velocity ut/UL. It can be seen that both sets of experi- 
mental results compare reasonably well but more so in the corrugated regime. Both these sets 
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Figure 7.13: Regimes of combustion from Kobayashi et al. (1997), and identification of regimes 
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CHAPTER 7- TRF CODE RESULTS 126 
of experimental data are based on numerous experiments providing confidence when comparing 
with the results of the present work. 
Table 7.2: Regimes of combustion of the predictions, and comparison between two sets of exper- 
imental results for the turbulent burning velocity (Abdel-Gayed et al., 1987 and Gülder, 1990). 
Run U'/UL RL ut/UL 
(Abdel-Gayed 
et al. (1987)) 
ut/uL 
(Gülder 
(1990)) 
Ut/UL 
Present 
Work 
Modified a 
Combustion 
Regime 
1 2.5 500 7.45 5.64 7.1 wrinkled 
2 5.0 500 8.65 8.17 8.7 corrugated 
3 7.5 500 9.45 9.77 9.3 corrugated 
4 10.0 500 10.05 11.38 9.9 distributed 
5 2.5 1000 8.53 6.51 8.2 wrinkled 
6 5.0 1000 9.91 9.53 9.4 corrugated 
7 10.0 1000 11.75 11.38 11.2 distributed 
8 15.0 1000 12.57 12.59 12.3 distributed 
9 2.5 2000 9.78 7.56 9.2 wrinkled 
10 5.0 2000 11.35 11.14 11.1 corrugated 
11 10.0 2000 13.19 15.69 12.6 corrugated 
12 15.0 2000 14.40 12.60 13.9 distributed 
13 17.5 2000 14.88 13.09 14.5 distributed 
7.2.4.3 Kolmogorov-Petrovski-Piskonov Analysis 
The turbulent burning velocity can be obtained analytically by applying the Kolmogorov, Petro- 
vski, Piskunov (KPP) theorem (Kolmogorov et al. 1937) to the FSD transport equation, in which 
the source/sink terms are modelled as described in section 2. First, it is necessary to simplify the 
term ä2c/äx2 of the Ps stretch term (equation (4.19)). This can be achieved by using the alge- 
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braic relation between the reaction progress variable and the flame surface density. This can then 
be used to obtain the result: 
d2c 
_ 
Lyay d2E 
dx2 g dx2 
(7.4) 
where g=1, ay = 0.5, and Ly is the wrinkling length scale formulated as (Bray 1990) 
Ly = L(-L)m (7.5) 
u 
where m=1. Then, the derivation detailed in the Appendix B results in the following expres- 
sion for the turbulent burning velocity 
0.11, u2 k 
1/2 
ut =2 
71; ay 9E 
)FKf] 
(7.6) 1/2 (1 
+ 2yc0 + (7c°)2) 
A comparison of ut obtained from equation 7.6 and a numerical prediction at conditions u"/UL = 
10, RL = 1000 is shown in Fig. 7.14. It can be seen that after a transient variation of speed at 
early stages of flame propagation the numerical predictions reach steady-state and result in good 
agreement with ut obtained from the KPP analysis. For the range of U'/UL and RL covered in the 
present work plausible comparison are obtained between the numerical and KPP results for ut, 
as shown in Fig. 7.15, thus, providing confidence on the accuracy of the numerical predictions 
carried out in the present work. 
7.2.5 Results From The Modified Flamelet Surface Density Model 
It was found that good agreement for predicted ut with experiments was obtained when the a 
parameter was formulated as a function of the turbulence intensity and Reynolds number: 
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Figure 7.14: Comparison between a prediction of turbulent burning velocity obtained from KPP 
analytic and numerical methods (u"/UL = 10.0, RL = 1000). 
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a= C(ulf/UL)P(RL)q. (7.7) 
where C, p, and q are constants. Sensitivity analysis of the turbulent burning velocity, ut, re- 
sulted in the following values for the constants: C= 50, p= -1, and q= -0.4. A comparison 
of predicted and experimental values for ut with a as given in equation 7.7 is shown in Fig. 7.16. 
As shown good agreement is obtained between the predictions and experiments. Also the E-c 
profiles were very similar to the previous discussed results, and the values of E were found to be 
in good agreement with the available experimental results (e. g. Veynante et al. 1996, Smallwood 
et al. 1999). 
7.3 Flame Propagation Past Single Obstacle 
The ability of the various forms of the BML and FSD models in predicting realistic values for 
the turbulent burning velocity over a range of turbulence conditions was investigated in section 
7.1 from 1D numerical calculations of steady propagating turbulent premixed flames. Recent 
experimental and DNS results were used to propose modified closure of the controlling param- 
eters in the BML and FSD models. The objective of the present section is to validate the ability 
of the modified BML and FSD models in predicting turbulent premixed flame propagation past 
a rectangular obstacle as reported by Hargrave and Williams (2000). 
7.3.1 Modified Bray-Moss-Libby Parameters 
The variation of the reaction per unit flamelet area, R, is shown in Fig. 7.17 at different times 
after ignition. It is clearly apparent that R achieves maximum values behind and ahead of the 
obstacles, and lower values result in the jetting regions. Since local pressure and temperature 
are predominantly controlled by the turbulent flame brush, it is unlikely that the local unburnt 
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Figure 7.17: BML model parameter: Variation of the mean reaction per unit flamelet area, R, 
for the single obstacle configuration, at various times after ignition. 
density of the reactants is a factor which controls the variation of values for R at different times 
after ignition. It is more likely that the variation of R at different times after ignition is controlled 
by the product uLIo where Io is a factor accounting for mean and curvature effects on the laminar 
burning velocity UL. The variation of Io at different times after ignition is shown in Fig. 7.18. 
It is clear that the minimum and maximum values of I0 differ by an order of magnitude. Such a 
difference is not likely to be due to the variation of UL, and hence R is predominantly controlled 
by the factor I. The apparent low values of lo in the jetting regions is due to higher values of 
the Karlovitz number, Ka, (see formulation for Io in equation 4.4). Such higher values of Ka 
are due to high and low values, respectively, for the turbulence kinetic energy, and turbulence 
length scale around the obstacle. This observation along with the formulation for Ka (equation 
4.5) explains the marked increase in Ka, and the subsequent decrease in the factor Io around the 
obstacle. Significant decrease in Io will result in a decrease in the R parameter which in turn can 
lead to unrealistic flame quenching if values for the flamelet surface density, E, do not increase 
accordingly. 
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Figure 7.18: BML model parameter: Variation of strain and curvature factor, lo, for the single 
obstacle configuration, at various times after ignition. 
The variation of the flamelet surface density, E, is shown in Fig. 7.19 at different times after igni- 
tion. It is clearly apparent that the peak values occurs around the jetting regions, hence compen- 
sating for lower values of R. This is in agreement with the findings of Veynante et al. (1996) who 
reported high values of E in the vicinity of a flame stabilising rod. This can be explained from 
the distribution of the wrinkling length scale, L., as shown in Fig. 7.20. Clearly lowest values 
occur in the jetting regions which in turn leads to higher values of E. The range of the values for 
the flamelet wrinkling length scales (0.001 m to 0.02m) and the flamelet surface density (maxi- 
mum of 300111-1) are in good agreement with several experimental findings. Deschamps et al. 
(1996) show maximum values for E across the flame brush in Bunsen and engine flames to range 
from 200m-1 to 400ui-1. Values for the grouped parameter g/QyLy at maximum flamelet sur- 
face density values were reported to range from 250m-' to 1500m-1. Using BML-FORM5 clo- 
sure, the corresponding range of values for L. can be shown to range from 0.002m to 0.0124m. 
Here, the turbulence conditions were UV UL =2 and RL = 300. Veynante et al. (1996) have 
performed experiments on a V-shaped flame and obtained turbulence conditions of u'/u. L =2 
26ms 34ms 4 Ums 4 Sms 
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Figure 7.19: BML model parameter: Variation of flamelet surface density, E, for the single ob- 
stacle configuration, at various times after ignition. 
and RL = 150. The experimentally determined values for E ranged from 250m-1 to 700m-1. 
A wider range of turbulence conditions with U'/UL and RL ranging from 0.84 to 15 and 50 to 
500, respectively, have been covered for Bunsen flames by Smallwood et al. (1999). The values 
of E reported range from 250m-1 to 370m-1, encompassing the predicted values for E. 
7.3.2 Validation of Modified Bray-Moss-Libby Model 
Figure 7.21 shows a comparison between experimental and numerically predicted images of 
flame propagation at various times from ignition. The predicted flame images show the flame 
leading edge which has been characterised by values of c in the range 0.01 and 0.05. It is seen 
that the flame flattening as the flame approaches the obstacle is well predicted. As the flame starts 
to move around the obstacle both experimental and predicted images highlight the burn-out of 
the mixture near the side walls. The jetting of the flame in the clearance gap is clearly apparent 
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Figure 7.20: BML model parameter: Variation of flamelet wrinkling length scale, Ly, for the 
single obstacle configuration, at various times after ignition. 
in the predictions as is the flame reconnection. 
However, the predicted flame reconnection phase does not correspond well with the experimen- 
tal flame images. This can be seen by comparing experimental images at 36.3ms and 41.7ms 
with predicted images at 40ms and 44ms, respectively. Further discussion on the predicted flame 
structure during the flame reconnection phase will be presented in the general results and discus- 
sion chapter. 
Figure 7.22 shows a comparison between experimental and predicted pressure histories. As can 
be seen the two peaks observed in the experiments are well predicted, however, the second peak 
pressure is over-predicted by 60mbar, while the first peak is under-predicted by 30mbar. It can 
be noted from the flame images that the predicted flame reaches the first obstacle around 4.8ms 
earlier, which may lead to increased jetting velocities, and in turn, a higher venting effect lead- 
ing to lower first peak pressure. Both the experimental and predicted results show that the first 
peak correlates with the flame approaching the obstacle while the second peak correlates with 
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Figure 7.21: BML model: Comparison between experimental (Hargrave and Williams, 2000) 
and predicted flame propagation images for the single obstacle configuration, at various times 
after ignition. 
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Williams, 2000) results of pressure history for the single obstacle configuration. 
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the coalescing flames behind the obstacle, i. e. the final stages of the flame reconnection phase. 
The time of occurrence of the second pressure peak is in good agreement with the experiments, 
however, the first peak pressure occurs around lOms before the experiments. This can be due to 
early transition from quasi-laminar to turbulent flame propagation. Figure 7.23 shows the vari- 
ation of KT/KL with time and highlights the occurrence of transition to be between 14-15ms. 
The predicted pressure impulse of the second peak can be seen to be approximately three times 
greater than the experimental impulse, which can be attributed to delayed flame venting phase. 
Figure 7.24 shows a comparison between experimental and predicted results of flame speed of 
the most downstream point of the flame leading edge. It can be seen that the predicted results 
reproduce the acceleration on approach to the obstacle, a deceleration behind the obstacle, and fi- 
nally an acceleration as the flame venting phase commences. However, the flame speed is under- 
predicted as the flame starts to propagate around the obstacle, in line with the observations made 
from the flame images. As the flame re-attaches behind the obstacle and enters the flame vent- 
ing phase, the flame speed becomes enhanced, and results in the second observed over-predicted 
pressure peak. 
Figure 7.25 shows the velocity field, highlighting the occurrence of counter-rotating vortices be- 
hind the obstacle. The interaction of these vortices with the flame front presents several mecha- 
nisms of flamelet stretching. Hence, this is a critical region in which to investigate whether the 
BML algebraic formulation for the flame surface density correctly predicts the flamelet stretch- 
ing resulting from the combination of the various stretching mechanisms. 
7.3.3 Modified Flamelet Surface Density Source/Sink Terms 
Figure 7.26 shows the variation of the flamelet surface density, E, at different times after ignition. 
Peak values of the flamelet surface density, E, are seen close to the jetting regions. This observa- 
tion is in line with the experimental work of Veynante et al. (1996), who showed the presence of 
higher values of E near a flame stabilising rod. Values of E are in good agreement with several 
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Figure 7.23: Variation of the turbulent to laminar flamelet stretch, KT/KL, with time for the 
single obstacle configuration. 
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Figure 7.25: Velocity vectors showing the two counter-rotating vortices behind the obstacle for 
the single obstacle configuration. 
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Figure 7.26: FSD model: Variation of flamelet surface density, E, for the single obstacle con- 
figuration, at various time after ignition. 
experimentally obtained values (Veynante et al., 1996, Deschamps et al., 1996, and Smallwood 
et al., 1999). The variation of the mean flamelet stretch term, 117.5, at different times after igni- 
tion is shown in Fig. 7.27. It is seen that the ? GIs term is dominant as the flame front propagates 
through the jetting regions. Figure 7.28 shows the contribution of the turbulent flamelet stretch, 
Ty, at different times after ignition. The TS term dominates during flame approach to obstacle 
and in the wake region behind the obstacle. The variation of the flamelet curvature stretch term, 
C, is shown in Fig. 7.29 at different times after ignition with the corresponding flame front 
images. It can be seen that this term peaks during the flame approach and flame jetting phases. 
Its significance in the wake region can be seen to diminish. Note that the flamelet propagation 
stretch term, Ps, has been neglected since preliminary 2D calculations showed that this term was 
insignificant relative to the Als, Ts, and Cs flamelet stretch terms. 
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Figure 7.27: FSD model: Variation of mean flamelet stretch, Ms, for the single obstacle config- 
uration, at various time after ignition. 
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Figure 7.28: FSD model: Variation of turbulent flamelet stretch, Ts, for the single obstacle con- 
figuration, at various time after ignition. 
CHAPTER 7- TRF CODE RESULTS 
29ms 34ms 36ms 38ms 
144 
M-1 S-1 
U 100 0 -5000 
-10000 
-20000 
-30000 N 
-40000 
50000 
-60000 
-100000 
120000   
-140000 
Figure 7.29: FSD model: Variation of flamelet curvature stretch, Cs, for the single obstacle con- 
figuration, at various time after ignition. 
7.3.4 Validation of Modified Flamelet Surface Density Model 
A comparison between experimental and predicted images of flame propagation is shown in Fig. 
7.30. As can be seen the flame structure at the various stages of flame propagation is well pre- 
dicted. In fact the turning of the flame behind the obstacle is more apparent than it was when 
the BML model was used. This can be due to the FSD model accounting for effects of mean 
flamelet stretch through the M term while in the BML model there is no direct account of mean 
stretch on the flamelet surface density, E. 
Figure 7.31 shows a comparison between experimental and predicted results of pressure-time 
history. Qualitatively, the pressure-time result is well predicted. Furthermore, the second peak 
pressure value is about 1.17bar as compared to 1.125bar from the experiments, and 1.2bar from 
the BML predictions. Sensitivity analysis of the controlling parameters in the mean (nine), tur- 
bulent ((t L), and curvature (-y,,, and 'y j) 
flamelet stretch terms have been carried out. It was 
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Figure 7.30: FSD model: Comparison between experimental (Hargrave and Williams, 2000) 
and predicted flame propagation images for the single obstacle configuration, at various times 
after ignition. 
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found that the results were noticeably sensitive to the parameters nine, am, rysi, and -Y,,,. How- 
ever, the second pressure peak result was found to be more sensitive to the am, rysi, and ysu pa- 
rameters. Decreasing the values for the parameters an,,, y i, and rysu resulted in a reduced second 
pressure peak. Therefore, the values for the parameters n=nj, am, ryi, and rysv, need to be care- 
fully specified simultaneously. The choice of values for nine was based on allowing plausible 
flame propagation through the jetting regions, while the choice of values for a,,,,, -Yi, and -Y,,, 
was based on obtaining plausible results for peak pressure and also flame structure behind the 
obstacle. The values prescribed to the parameters nine, am, ryi, and rysv, were 0.2,12,0.02, and 
0.8, respectively. Possible effects that this could have on earlier predicted 1D results of turbulent 
burning velocities should be negligible since here the prescribed values in the production (T5) 
and destruction Cs terms have been reduced and increased, respectively. 
Figure 7.32 shows a comparison between experimental and predicted results of flame speed with 
distance from the ignition point. Qualitatively the experimental and predicted results are in good 
agreement, and predict initial acceleration, followed by deceleration, and acceleration phases as 
the flame approaches and propagates past the obstacle. 
A comparison of pressure history from experiments, BML model, and FSD model is shown in 
Fig. 7.33. It can be seen that the BML and FSD model predicted peaks differ in value and time 
of occurrence. These differences are a consequence of differing coupled effects of mean rate of 
reaction and venting effects. 
7.4 Flame Propagation Past Multiple Obstacles 
The application of the proposed form of the BML and FSD models to the prediction of flame 
propagation past a single obstacle has been carried out in the previous section. While this has 
provided evidence of plausible results, it is also useful to test whether good results are obtained 
in another configuration, which has been discussed in the test cases chapter. In light of this, the 
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Figure 7.31: FSD model: Comparison between predicted and experimental (Hargrave and 
Williams, 2000) results of pressure for the single obstacle configuration. 
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Figure 7.32: FSD model: Comparison between predicted and experimental (Hargrave and 
Williams, 2000) results of flame speed for the single obstacle configuration. 
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Williams, 2000) of pressure history for the single obstacle configuration. 
0 10 20 30 40 50 60 
Time (ms) 
CHAPTER 7- TRF CODE RESULTS 150 
ability of these models in predicting flame propagation past a series of mounted solid obstacles, 
as reported by Jarvis et al. (2001), is investigated. 
7.4.1 Modified Bray-Moss-Libby Parameters 
The variation of the mean reaction per unit area of flamelet, R, is shown in Fig. 7.34. It can be 
clearly seen from the 35ms image that the values of R imposed on the flame front between the 
obstacles decreases in the ignition-outflow direction. Furthermore, in all the images R reduces 
in value from the unburnt to the burnt mixture direction. While R is a function of the unburnt 
density, p,,, laminar burning velocity, UL, and the I,, factor, the observed variation of R is shown 
to be clearly controlled by the factor I,,, as seen from Fig. 7.35. Peak values of lo = 0.4 are 
seen between the first and second obstacles, while values of less than 0.1 are seen between the 
second and the third obstacles. Also noted is that Io decreases in the unburnt to burnt direction. 
This is in line with the finding of Bray (1981) who has shown the existence of turbulence pro- 
duction through the flame brush, which means increases in turbulence kinetic energy, k, and due 
to more intense turbulence the existence of more finer scales of turbulence, L. Both the increase 
and decrease in k and L, respectively, lead to the observed variation of Io seen in Fig. 7.35, hence 
complementing the findings of Bray et al. (1981). Since Io is a factor accounting for mean and 
curvature flamelet effects, it would be expected that Io decreases in the ignition-outflow direc- 
tion, this trend is clearly seen in Fig. 7.35. 
The variation of E is shown in Fig. 7.36 along with the flame front images. Peak values of 
E are found to be around 350m-1 and are comparable to experimental results (Deschamps et 
al., 1996, Veynante et al., 1996, Smallwood et al., 1999, Shy et al., 1999). Values of E peak 
around the jetting regions which can be explained through the variation of the flamelet wrinkles, 
Ly, as shown in Fig. 7.37. That is, lower values of Ly can be seen around the jetting regions, 
which can be explained by noting the presence of shear layers in turn generating local small 
scales as of turbulence. The range of predicted values for the wrinkling length scale, Ly, from 
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Figure 7.34: BML model parameter: Variation of mean rate of chemical reaction per unit area, 
R, for the multiple obstacle configuration, at various times after ignition. 
0.001 m to 0.01 m is in good agreement with experimentally deduced results for Ly from the work 
of Deschamps et al. (1996). 
7.4.2 Validation of Modified Bray-Moss-Libby Model 
Comparison between experimental and predicted flame front images at different times after ig- 
nition is shown in Fig. 7.38. Global flame propagation features are well predicted; that is the 
flame flattening as it approaches the first obstacle, jetting past the obstacles, turning behind the 
obstacles, and the flame reconnection. In particular the two flat flames approaching each other 
in the central region between the obstacles is well predicted. 
A comparison between predicted and experimental results of pressure is shown in Fig. 7.39. 
The peak pressure is under-predicted by 45mbar, and the peak pressure impulse is significantly 
longer (40ms) compared with the experimental impulse (l Oms). This discrepancy can be due to 
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Figure 7.35: BML model parameter: Variation of strain and curvature factor, lo, for the multiple 
obstacle configuration, at various times after ignition. 
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Figure 7.36: BML model parameter: Variation of flamelet surface density parameter, E, for the 
multiple obstacle configuration, at various times after ignition. 
3 Oms 
CHAPTER 7- TRF CODE RESULTS 
w 
153 
Figure 7.37: BML model parameter: Variation of flamelet wrinkling length scale, L., for the 
multiple obstacle configuration, at various times after ignition. 
coupled effects of local mean rate of reaction and venting. From Figs. 7.38 and 7.39, it can be 
seen that the correlation between peak pressure timing and the corresponding flame image is in 
good agreement with the experiments. However, between 40ms and 50ms no noticeable drop in 
pressure is predicted which can be attributed to mean reaction rate effects balancing out venting 
effects. 
A comparison between predicted and experimental results for flame speed based on the most 
downstream point of flame front is shown in Fig. 7.40 along a section of the length of the com- 
bustion chamber. It can be seen that the predictions are in good agreement with the experiments. 
However, the strength of the flame deceleration as it approaches an obstacle is not as marked as 
in the experiments. 
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Figure 7.38: BML model: Comparison between experimental (Jarvis et al., 2001) and predicted 
flame propagation images for the multiple obstacle configuration at various times after ignition. 
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Figure 7.39: BML model: Comparison between predicted and experimental (Jarvis et al., 2001) 
results of pressure history for the multiple obstacle configuration. 
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Figure 7.40: BML model: Comparison between predicted and experimental (Jarvis et al., 2001) 
results of flame speed for the multiple obstacle configuration. 
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7.4.3 Modified Flamelet Surface Density Source/Sink Terms 
Figure 7.41 shows the variation of the flamelet surface density, E, at different times from igni- 
tion. As seen, values of E range from 0 to 150 and agree well with the values observed in the 
experiments by Deschamps et al. (1996), Veynante et al. (1996), and Shy et al. (1999). The 
contribution of the mean, turbulent, and curvature flamelet stretching mechanisms at different 
times after ignition are shown in Figs. 7.42,7.43, and 7.44, respectively. It can be seen that the 
mean flamelet stretch dominates in the flow jetting regions which can be explained by noting the 
existence of high velocity gradients. Furthermore, for the present simulations it can be seen that 
the mean flamelet stretch peaks in the jetting region corresponding to the third obstacle from the 
ignition end with values around 55000m-1s-1. 
Fig. 7.43 shows the turbulent flamelet stretch, Ts, to dominate on the centre-line of the com- 
bustion chamber compared to the Ms term. However, the maximum value of the T3 term can be 
seen to occur behind the first obstacle. This is in line with the work of Peters (2000) where it can 
be gleaned that rigorous kinematic interaction between the flamelets and turbulence dominates 
in the corrugated flamelets as opposed to a more highly turbulent premixed flame such as in the 
thin reaction zones regime. 
The variation of the flamelet curvature stretch, C, is shown in Fig. 7.44. It can be seen that 
the levels of flamelet curvature stretch imposed on the flamelet do not change significantly at 
the various stages of flame propagation. However, it can be seen that the zone of Cs influence 
increases as the flame propagates past the three obstacles, which can be due to the increasing 
turbulent flame brush thickness as a result of averaging over the significant variations of instan- 
taneous flamelet wrinkling. 
The variation of the Karlovitz stretch factor, Ka as defined by Abdel-Gayed et al. 1985 along 
the flame front can be seen in Fig. 7.45. It is apparent that the stretch factor values at the flame 
front are well within the empirical flame quenching criteria of KaLe > 1.5 due to Abdel-Gayed 
et al. (1989). Peak value of around Ka = 0.7 can be observed to occur within the turbulent 
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Figure 7.41: FSD model: Variation of flamelet surface density, E, in the multiple obstacle con- 
figuration at various times after ignition. 
flame brush. Furthermore, it can be seen that the stretch factor values applied to the flame front 
between the obstacles increases from the ignition point to the open-end plane. 
7.4.4 Validation of Modified Flamelet Surface Density Model 
Comparison between predicted and experimental images of flame front propagation images as 
shown in Fig. 7.46 show that flame curling behind the obstacle is not well reproduced. However, 
global flame propagation features are well predicted; that is the flame flattening as it approaches 
the first obstacle, jetting past the obstacles, turning behind the obstacles, and the flame recon- 
nection. In particular the two flat flames approaching each other behind the obstacles is well 
predicted. As shown in Fig. 7.47, the trend in the variation and time of occurrence of the pres- 
sure peaks are in good agreement with the experimental observations. The pressure predictions 
clearly show a decay in the rate of increase in pressure between times ranging from 20 to 26ms 
3 Oms 
CHAPTER 7- TRF CODE RESULTS 
32ms 34ms 
IýJL 
159 
38ms 
JL 
:ý 
Figure 7.42: FSD model: Variation of mean flamelet stretch, Ms, in the multiple obstacle con- 
figuration, at various times after ignition. 
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Figure 7.44: FSD model: Variation of flamelet curvature stretch, C, in the multiple obstacle 
configuration, at various time after ignition. 
which can be attributed to the flame jetting. The trough and peak observed in the experimental 
pressure history between 25ms and 34ms can be attributed to the effects of the blockage imposed 
by the obstacles, the flame jetting, and the disintegration of the disposable sealing membrane. 
A comparison between the predicted and experimental results on flame speed as a function of 
distance from the ignition end is shown in Fig. 7.48. It can be seen that the drop in flame ac- 
celeration between the obstacle is more pronounced compared to the predictions, which can be 
attributed to the ratio of the rate of flame propagation in the lateral to the traverse directions 
between the obstacles. However, the experimental observation of a drop in flame acceleration 
between the obstacles and increased acceleration as the flame propagates past the obstacles is 
well reproduced by the predictions. 
A comparison of pressure time histories from experiments, BML, and FSD model is shown in 
Fig. 7.49. It can be seen that pressure impulse due to the FSD model is in better agreement with 
the experiments compared with the BML model predictions. Also the timing and duration of 
34ms 
CHAPTER 7- TRF CODE RESULTS 
$us 
No 
161 
Io. 6 0.5 
0.4 
0.3 
0.2 
Ka 0.1 
0.075 
0.05 
0.025 
0.0075 
0.005 
0.0025 
Figure 7.45: FSD model: Variation of Karlovitz stretch factor, Ka, along the flame front in the 
multiple obstacle configuration, at various stages of flame propagation. 
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Figure 7.46: FSD model: Comparison between experimental (Jarvis et al., 2001) and predicted 
flame propagation images for the multiple obstacle configuration at various times after ignition. 
CHAPTER 7- TRF CODE RESULTS 
1.2 
1.18 
1.16 
1.14 
1.12 
M 1.1 m 
1.08 
1.06 
1.04 
1.02 
1 
0.98 
0.96 
10 20 
163 
Experiment 
-- Predictions 
1 
I CI 1 
AI 
1 ,ý1 
\rv 
IIIIIj 
30 40 50 60 70 80 
Time (ms) 
Figure 7.47: FSD model: Comparison between predicted and experimental (Jarvis et al., 2001) 
results of pressure history for the multiple obstacle configuration. 
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Figure 7.48: FSD model: Comparison between predicted and experimental (Jarvis et al., 2001) 
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peak pressure from the FSD predictions are in better agreement. The values of pressure from 
the BML model in the duration 40ms to 50ms are almost steady which was discussed to be due 
to balance between coupled effects of mean rate of reaction and venting. 
7.5 Effects of Turbulence Model 
Recent developments in incompressible turbulence models due to Durbin (1996) and Bosch and 
Rodi (1998), which account for unrealistic excessive overproduction of turbulence kinetic en- 
ergy due to standard k-e model in stagnant or near wall regions, have been tested in the present 
work. Nevertheless, no significant improvements were noticed in the results of flame propaga- 
tion and pressure-time history, and also difficulties were noticed in achieving stability at some 
times during the course of the simulation. 
The recent status of the alternatives to the standard k-E model was reviewed in the background 
chapter. To date on-going research into non-linear alternatives to the linear k-E model have 
been carried out by many workers (Aspley and Leschinzer, 1998, Kuo et al., 1999). Here results 
are presented for turbulent flame propagation using a form of a non-linear eddy-viscosity model 
detailed by Kuo et al. (1999), the formulation of which is given in chapter 3. The objective 
of this part was to gain an insight into the sensitivity of the results to turbulence modelling, in 
particular results of flame jetting, turning and reconnection behind the obstacle. 
7.5.1 Single Obstacle Configuration 
7.5.1.1 Modified Flamelet Surface Density Source/Sink Terms 
The variation of the flamelet surface density, E, at different times after ignition in the single 
obstacle configuration is shown in Fig. 7.50. Peak values of the flamelet surface density are 
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Figure 7.49: Comparison between BML, FSD, and experimental results of pressure history for 
the multiple obstacle configuration. 
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Figure 7.50: FSD model: Variation of flamelet surface density, E, in the single obstacle config- 
uration using a non-linear eddy-viscosity model, at various times after ignition. 
in the regions of 450n-1 and agree well with values experimentally obtained by Veynante et 
al. (1996). In contrast to the previous predicted E profile, which used a linear eddy-viscosity 
relation, the present predictions with the non-linear eddy-viscosity relation show peak values of 
E near to the centre-line region behind the obstacle. The stretching terms contributing to this 
apparent variation are the Al, Ts, and C. terms. Note that the flamelet propagation stretch term, 
Ps, was found to be insignificant and therefore was omitted from the calculations. Figure 7.51 
shows the variation of the mean flamelet stretch term, Ms, at different times after ignition. Again, 
in contrast to earlier findings based on the linear eddy-viscosity relation, the present findings 
show the significance of the mean flamelet stretch term near the centre-line, as well as around the 
jetting regions. The variation of the turbulent flamelet stretch term, Ts, at different times after 
ignition is shown in Fig. 7.52. Contrary to earlier findings based on the linear eddy-viscosity 
relation the present results indicate that the Ts terms is dominant in the flame reconnection zone, 
as well as, during the flame approach towards the obstacle. The results for the variation of the 
flamelet curvature, C, are shown in Fig. 7.53. Peak values of Cs are clearly seen to occur in the 
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Figure 7.51: FSD model: Variation of mean flamelet stretch, Ms, in the single obstacle config- 
uration using a non-linear eddy-viscosity model, at various times after ignition. 
reconnection and venting phases, which physically explain increased flamelet wrinkles. Such 
a behaviour was not noticed when the linear eddy-viscosity relation was used. The values for 
Al, T,, and C. S observed are comparable to earlier 1D calculated and experimental results due 
to Veynante et al. (1996). 
7.5.1.2 Effects on Flame Structure 
Comparison between predicted and experimental images of flame propagation images are shown 
in Fig. 7.54. It is clear that the cubic non-linear k-E reproduces more closely the flame reconnec- 
tion and venting phases around the obstacle. This highlights the importance of the relationship 
between the Reynolds stress and the velocity gradients. A key parameter to look at is the varia- 
tion of the effective viscosity, fiefs. Results from the linear and non-linear eddy-viscosity model 
predictions for Pe ff are shown in Figs. 7.55 and 7.56, respectively. It can be seen that the linear 
-ý, ý:; 
:rý ýý '. 
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Figure 7.52: FSD model: Variation of turbulent flamelet stretch, Ts, in the single obstacle con- 
figuration using a non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.53: FSD model: Variation of flamelet curvature stretch, C, in the single obstacle con- 
figuration using a non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.54: FSD model: Comparison between experimental (Hargrave and Williams, 2000) 
and predicted flame propagation images for the single obstacle configuration at various times 
after ignition using a non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.55: FSD model: Variation of the effective viscosity from the linear eddy-viscosity re- 
lation in the single obstacle configuration, at various times after ignition. 
model predicts higher values of fte ff compared to the non-linear model. This is a distinct dif- 
ference which can be responsible for the presence of flame turning with the use of a non-linear 
eddy-viscosity relation. 
7.5.1.3 Effects on Pressure History 
Predicted and experimental pressure time histories are compared in Fig. 7.57. As seen the two 
peaks are reproduced, and the second peak pressure is within 10% of the experimental results. 
The second peak value does not differ significantly from the results obtained with linear eddy- 
viscosity relation. The first peak is found to be lower than the experiments, however, internal 
discussion of results has led to the conclusion that this peak pressure coincides with the burst 
of the diaphragm. Hence, the observed first peak pressure is superimposed by the effect of the 
diaphragm closure in the experiments. This issue will be further discussed in the general results 
and discussion chapter. Contrary to earlier findings the pressure impulse is now in very good 
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Figure 7.56: FSD model: Variation of the effective viscosity from the non-linear eddy-viscosity 
relation in the single obstacle configuration, at various times after ignition. 
agreement with the experiments. 
7.5.1.4 Effects on Flame Speed 
Figure 7.58 shows a comparison between experimental and predicted results of flame propaga- 
tion based on the most downstream point of flame front. It can be seen that the agreement is 
superior compared with earlier results based on using linear eddy-viscosity relation. Such im- 
provements are due to the improved variation in 1t, f f, which controls the flame propagation in 
the jetting direction and into the wake region. 
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Figure 7.57: FSD model: Comparison between predicted and experimental (Hargrave and 
Williams, 2000) results of pressure history for the single obstacle configuration using a non- 
linear eddy-viscosity model. 
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Figure 7.58: FSD model: Comparison between predicted and experimental (Hargrave and 
Williams, 2000) results of flame speed for the single obstacle configuration using a non-linear 
eddy-viscosity model. 
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7.5.2 Multiple Obstacles Configuration 
7.5.2.1 Variation of Flamelet Surface Density Source/Sink Terms 
The variation of the flamelet surface density, E, in the multiple obstacle configuration at different 
times after ignition is shown in Fig. 7.59. Peak values of E= 250m-1 are observed around the 
jetting regions past the last obstacle. This is in line with the observed peak values for the mean 
and turbulent flamelet stretch in the same region, as shown in Figs. 7.60 and 7.61, respectively. 
Figure 7.60 shows the mean flamelet stretch term, M3, dominates in the quasi-shear flow region, 
this is clearly apparent between the second and third obstacles, and also past the third obstacle. 
Figure 7.61 shows the variation of the turbulent flamelet stretch term, T, it can be seen that 
the peak values occur in the quasi-shear flow regions. Furthermore, the image at 42ms clearly 
shows three distinct regions (between the first and the second, second and the third, and past 
the third obstacle) in which increases in peak values of the turbulent flamelet stretch term can be 
observed. The variation of the the curvature flamelet stretch term is shown in Fig. 7.62. As seen 
the values correlate with the variation of E. It can be seen that this term increases its destruction 
as the flame propagates from the first obstacle and past the third obstacle. 
7.5.2.2 Effects on Flame Structure 
Figure 7.63 shows a comparison between predicted and experimental images of flame propaga- 
tion. It can be seen clearly that at a time of 42ms the flame structure ahead of each obstacle is in 
excellent agreement with the experimental image. The flame structure predictions are superior 
compared with earlier reported images where a linear eddy-viscosity relation was used. This 
highlights an important controlling parameter, namely, the effective viscosity, µt. Results from 
the linear and non-linear eddy-viscosity model predictions for µe ff are shown in Figs. 7.64 and 
7.65, respectively. It can be seen that the distinct feature of the non-linear eddy-viscosity model 
is the presence of low values for IL, ff in the regions of shear layers behind the obstacle. 
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Figure 7.59: FSD model: Variation of flamelet surface density, E, in the multiple obstacles con- 
figuration using a non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.60: FSD model: Variation of mean flamelet stretch, MS, in the multiple obstacles con- 
figuration using a non-linear non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.61: FSD model: Variation of turbulent flamelet stretch, Ts, in the multiple obstacles 
configuration using a non-linear eddy-viscosity model, at various times after ignition. 
7.5.2.3 Effects on Pressure History 
As shown in Fig. 7.66, the trend in the variation and time of occurrence of the pressure peaks are 
in good agreement with the experimental observations. The impulse of the pressure history curve 
is well reproduced by the non-linear model predictions compared with the earlier results using 
the standard linear eddy-viscosity model. The pressure predictions clearly show decay in the rate 
of increase in pressure between times ranging from 20 to 30ms which can be attributed to the 
flame jetting. The trough and peak observed in the experimental pressure history between 25ms 
and 34ms can be attributed to the combined effects of the blockage imposed by the obstacles, 
the flame jetting, and the disintegration of the disposable sealing membrane, which is used to 
enclose the mixture in the experiments. 
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Figure 7.62: FSD model: Variation of flamelet curvature stretch, C, in the multiple obstacles 
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configuration using a non-linear eddy-viscosity model, at various times after ignition. 
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Figure 7.63: FSD model: Comparison between experimental (Jarvis et al., 2001) and predicted 
flame propagation images for the multiple obstacles configuration at various times after ignition 
using a non-linear eddy-viscosity model. 
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Figure 7.64: FSD model: Variation of the effective viscosity from the linear eddy-viscosity re- 
lation in the multiple obstacles configuration, at various times after ignition. 
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Figure 7.65: FSD model: Variation of the effective viscosity from the non-linear eddy-viscosity 
relation in the multiple obstacles configuration, at various times after ignition. 
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Figure 7.66: FSD model: Comparison between predicted and experimental (Jarvis et al., 2001) 
results of pressure history for the multiple obstacles configuration using a non-linear eddy- 
viscosity model. 
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7.5.2.4 Effects on Flame Speed 
182 
A comparison between the predicted and experimental results on flame speed as a function of 
distance from the ignition end is shown in Fig. 7.67. The experimental observation of a drop 
in flame acceleration between the obstacles and increased acceleration as the flame propagates 
past the obstacles is well reproduced by the predictions. However, it can be seen that the drop in 
flame acceleration between the obstacles is more pronounced in the experimental data compared 
to the predictions. This can be attributed to the slightly higher values for the ratio between the 
rate of flame propagation in the longitudinal to the traverse directions between the obstacles. A 
possible reason for this can be due to the effects of averaging out the instantaneous turbulent 
flame evolution. 
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Figure 7.67: FSD model: Comparison between predicted and experimental results of flame 
speed for the multiple obstacles configuration using a non-linear eddy-viscosity model. 
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Chapter 8 
Discussion 
In chapter 7 results are reported from a numerical study of turbulent burning velocities and flame 
propagation past obstacles in 2D using newly formulated flamelet models, namely the BML and 
FSD models. During this study several issues have arisen which are discussed in this chapter. 
First, the closure of the controlling parameters of the BML and FSD models for practical ap- 
plication has raised several points which are discussed herein. Secondly, results presented ear- 
lier showed that the flame structure as it interacts with the solid obstacles is sensitive to eddy- 
viscosity turbulence model, but, the effects of secondary flow due to 3D geometry are yet to be 
investigated. Also, the regimes of combustion are discussed, as covered in the present work, 
to identify their relevance to practical engineering problems. The sensitivity of the results to 
boundary conditions for the open end of the combustion chambers is also discussed. A com- 
mercially available code (FIRE) has been used to compare its default combustion model results 
with those obtained using the newly formulated FSD model. 
8.1 BML and FSD Controlling Parameters 
The Io parameter in the BML mean rate of reaction expression which accounts for straining and 
curvature stretch effects has been modelled in the present work as (Bray, 1990) 
184 
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(8.1) 
This expression was based on comparing experimental correlations of turbulent burning veloc- 
ity due to Abdel-Gayed et al. (1987) with the KPP result of the BML flamelet model. However, 
the value of 0.117 used can vary as reported by Bray (1990) from a lower to an upper bound. 
Furthermore, it is not clear whether the turbulence parameters in the definition of the Karlovitz 
number, Ka, need to be conditioned or unconditioned. Another issue related to the 10 formula- 
tion given in equation 8.1 is its departure from the results of detailed strained laminar flamelet 
results at high values of K, approximately Ka > 0.3 (Cant et al., 1991). This suggests that the 
Io formulation used for the BML calculations can become invalid for high Karlovitz number. 
The controlling terms in the flamelet propagation stretch term, Ps, are the laminar burning ve- 
locity, UL, and the second order spatial gradient of the reaction progress variable, c. The product 
of these terms was found to yield negligible values in 1D and in preliminary 2D and 3D calcu- 
lations and therefore was omitted from the 2D and 3D simulations. However, possibilities can 
exist where mean, turbulent, and curvature flamelet stretch mechanisms become relatively neg- 
ligible to the flamelet propagation stretch term. Therefore, despite the omission of the Ps term 
from the 2D and 3D calculations reported in this thesis, any future application of the FSD model 
should check for its importance. 
The mean flamelet stretch term, Ms, was found to be significant during the flame propagation 
past the obstacles. In this way the term can be of importance in IC and gas turbine engines where 
circulation can exist. For example, the secondary mixing of the by-pass air into the combustor of 
a gas turbine engine can generate significant mean flamelet stretch. As for SI engines, premixed 
mixture close to a piston bowl can also subject significant mean stretch on the premixed flame. 
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8.2 Flamelet Wrinkling Length Scale 
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The results reported for the BML model in chapter 7 used the wrinkling length scale parameter, 
Ly, as modelled using an empirical formulation based on the findings of Chate (1987), Chate 
and Cant (1988), and Chew et al. (1990): 
Ly = CLLT(ul 
)n 
\ýI 
(8.2) 
where UL is the laminar burning velocity, u' is the turbulence RMS velocity, and CL is a constant 
taken equal to unity. The index, n, is formulated, using fractal formulation, (Patel and Ibrahim, 
1999) 
n= 6D - 13 (8.3) 
where D is a fractal dimension given by North and Santivicca (1990) 
D 
üD++ 
D+1 
(8.4) 
L 
where DL and DT are the laminar and turbulent fractal dimensions having values of 2.19 and 
2.32 respectively. 
The above formulation (equation (8.2)) for L. is based on observations of experiments and sim- 
ulations (Chate, 1987, Chate, 1988, Chew et al., 1990), which indicate that Ly/LT increases as 
UL/u' increases, as a higher laminar burning velocity smoothes out the flamelet wrinkles. How- 
ever, as has been noted Bray, 1990 this empirical formulation does not allow Ly to be influenced 
by the laminar flamelet stretch and extinction processes. 
One possibility to account for flamelet stretch and quenching effects is to use recent DNS data 
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of Meneveau and Poinsot (1991). DNS simulations of the interaction of flame and vortices were 
carried out for a range of turbulence conditions, and an Intermittent Net Flame Stretch (ITNFS) 
function, Fk was derived. The ITNFS function accounts for the statistical effects of flamelet 
stretch as well as quenching mechanisms, and is given as 
rK' 
L' SL/ 2 \SL/ \ULJ-1 
x ln(l 
ipg 
(8.5) 
Stretch term 
ITNFS term Quench term 
where FK and Pq are stretching and quenching parameters formulated in reference Meneveau 
and Poinsot (1991), 5L is the laminar flame thickness as defined in reference Meneveau and 
Poinsot (1991), and the stretching and quenching terms of the ITNFS function have been la- 
belled. Here stoichiometric methane-air mixture is used with UL = 0.41m/s and 6L = 0.04mm. 
The intermittent net flame stretch rate or the effective stretch rate, Ke f f, can be computed from 
the ITNFS function as follows 
Keff = rK% (8.6) 
where k and e are the turbulence kinetic energy and its dissipation rate, respectively. The effec- 
tive stretch rate, Ke f f, is considered to be due to the interaction between the flame front and tur- 
bulence eddies with effective strain rate, (E/k)e f f, and length scale, Leff. The effective stretch 
rate, Ke f f, in equation (8.6) can then be replaced by the effective strain rate, (E/k)efj, to give 
Ckl err rK (8.7) 
An expression for the effective length scale, Leff, may then be obtained by substituting e= 
k3/2/L into equation (8.7), where L is a turbulence length scale to give 
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LT 
Leff = 
LT 
(8.8) 
r"r 
Leff may be considered to be the flamelet wrinkling length scale, evaluated from the ITNFS 
function, i. e. 
Ly=Leff = 
LT 
PK. (8.9) 
The results for the present work involves the use of the Karlovitz number, Ka, which is defined 
as the ratio of the chemical reaction to small scale turbulence time scale and is given by Abdel- 
Gayed et al. (1987) as 
Ka = 0.157 
[ULI u-2RLO(8.10) 
where RL is the turbulent Reynolds number based on the turbulence integral length scale, LT. 
The wrinkling length scales have been obtained for various ratios of U'/UL and Ka numbers with 
ranges 5- 20 and 0.2 - 1.0, respectively. This range covers various regimes of combustion (for 
example, the wrinkled flamelet and corrugated regimes Kobayashi et al. (1997) in which the 
definition of a wrinkling length scale may not be valid. 
Results of the formulated wrinkling length scales are shown in Figs. 8.1 (equation (8.9)), 8.2 
(equation (8.2)), 8.3 (equation (8.9)) and equation (8.2))), and 8.4 (equation (8.2)) and equation 
(8.11)) for various ratios of U'/UL and Ka numbers. All the formulations yield plausible results 
since they show the flamelet wrinkling length scale increasing with the ratio of U'/UL while de- 
creasing with increasing Ka number. Also noted is that the wrinkling length scale formulations 
show increasing sensitivity to the ratio of U'/UL for decreasing Ka number. This may be ex- 
plained by noting that when the Ka number is low, the flamelet is not highly strained and the 
wrinkles are dominated by changes in the ratio of U'/UL. On the other hand, when the Ka num- 
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Figure 8.1: Variation of the flamelet wrinkling length scale, L.., obtained from ITNFS function 
(equation 8.9), with U'/UL for different Ka numbers. Intervals of Ka = 0.2 between lines. 
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Figure 8.2: Variation of the flamelet wrinkling length scale, Ly, obtained using a typical 
BML expression (equation 8.2), with u'/uL for different Ka numbers. Intervals of Ka = 0.2 
between lines. 
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ber is high the flame is highly strained and the effect of the ratio of U'/UL is less. Furthermore, the 
results show that the wrinkling length scale is more sensitive to Ka numbers lower than ti 0.5 
compared with higher values (0.5 < Ka < 1.0). 
Figure 8.4 shows the variation of the wrinkling length scale obtained from the ITNFS function 
(equation (8.9)) with various ratios of U'/UL for different Ka numbers. When compared with 
the wrinkling length scales obtained from the BML formulation of equation (8.2) (see Figs. 8.2 
and 8.3), the BML wrinkling length scale yields higher values than the ITNFS wrinkling length 
scale at low Ka numbers and high values of the ratio of u'/UL. Lower values are observed at 
high Ka numbers and low values of the ratio u'/UL. However, for some intermediate values 
of Ka numbers (.. 0.5) and ratios of u'/uL (: 10) good quantitative agreement is observed 
between the two wrinkling length scales. 
In Figs. 8.1,8.2, and 8.3 the variation of the ITNFS wrinkling length scale for constant Ka 
numbers is linear, whereas the wrinkling length scale variation due to BML is of quadratic type. 
A possible reason for the discrepancy between the two wrinkling scales is that the BML wrin- 
kling scale formulation has some inaccuracies, such as a missing parameter or uncertainties in 
the formulation of the controlling parameters. Thus, in the present work, it is argued that the 
BML wrinkling length scale expression may be reformulated to account for the effects of vari- 
ous scales of turbulence by introducing a correction term 
(Ka)m to give 
Ly = C(Ka)mLT(-)n (8.11) 
ul 
where m and n are constants which control the variation of the wrinkling length scale due to 
the ratio of U'/UL and Ka number, and C is a constant of proportionality. The ITNFS wrin- 
kling length scale expression (equation (8.9)) is used to evaluate values for these constants. It 
is found that values of C=50, m=1.5, and n=2.2 provide good agreement with the ITNFS wrin- 
kling length scale, as shown in Fig. 8.4. However, it should be noted that a clear downfall of the 
13ML model is the breakdown of the definition of the wrinkling length scale with quasi-smooth 
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Figure 8.3: Comparison between Ly(ITNFS, equation 8.9) and Ly(BML, equation 8.2) ex- 
pression for different U'/UL and Ka numbers. Intervals of Ka = 0.2 between lines. 
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flamelet propagation. 
Equation 8.11 for the wrinkling length scale provides an alternative formulation to equation 8.2. 
However, this formulation remains to be tested in numerical calculations. 
8.3 Non-Linear Eddy-Viscosity Model Effects 
For the two combustion chambers reported in chapter 6, in regions behind the obstacles recir- 
culating flows developed, and shear layers develop at the obstacle sides as the mixture ahead of 
the turbulent premixed flame jets past the obstacles. Such flows are complex and hence can re- 
quire more elaborate eddy-viscosity models (non-linear) to improve accuracy in modelling the 
Reynolds stresses. Modelling of the Reynolds stresses with a linear eddy-viscosity model has 
shown a downfall in predicting flame propagation into highly re-circulating flows formed behind 
the solid obstacles. However, a non-linear relationship between stress and strain resulted in im- 
proved prediction of flame structure, pressure history, and flame speed results. This was demon- 
strated when the 2D results presented earlier using the linear eddy-viscosity model showed sig- 
nificant differences with results using a non-linear eddy-viscosity model. The main differences 
were found to be in the flame structure, and in the duration of pressure impulse. The success of a 
non-linear eddy viscosity model in simulating the flow around the obstacle was clearly apparent 
from the flame structure images reported in chapter 7, where the flame jetting and turning into 
the obstacle wake was improved due to, for example, the damping of the C,, parameter. Values 
for pressure and flame speed were in close agreement, therefore not significantly affecting the 
conclusions on pressure and flame speed based on the use of a linear eddy-viscosity model. This 
clearly highlights that turbulent flame propagation is sensitive to the choice of stress-strain re- 
lationship. Future work should choose the turbulence model carefully since the study presented 
here has clearly highlighted the significance of turbulence modelling in turbulent premixed com- 
bustion. Furthermore, in practical applications, a range of complex flow fields can occur, for 
example, re-circulating flow in an IC engine interacting with shear layers near the piston bowl, 
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and can require non-linear eddy-viscosity models to capture realistic flame/flow interactions. 
The turbulent flame brush thickness (c =0 to c= 1) observed during 2D calculations with 
the standard linear eddy-viscosity results was found to be notably thicker and not representa- 
tive of realistic situation. However, a significantly thinner turbulent flame brush thickness was 
predicted when the non-linear eddy-viscosity model was used. This highlights the importance 
of turbulence modelling in the reaction zone and flow ahead of the flame. Further work should 
focus on the validation of turbulent flame brush predictions, particularly using a non-linear eddy- 
viscosity model. 
8.4 Significance of 3D (Secondary Flow) Effects 
So far the calculations reported have been carried out assuming that the flame propagation in the 
combustion chambers is approximately two-dimensional (Ibrahim et al. 2001). Such 2D calcu- 
lations have a great advantage over 3D cases due to the large reduction of computational time, 
thereby allowing for more model examination. For example, 2D calculations have allowed the 
newly formulated FSD model to be validated for two combustion chambers, and for the investi- 
gation of the effects of turbulence modelling, which would have been difficult to achieve in the 
same period of time with inclusion of the third dimension. However, it is essential to investigate 
the effect of the third dimension (or the secondary flow effects involved) on flame propagation, 
pressure history, and flame speed. In order to study the effect of three-dimensionality on the 
flame/flow interaction, a commercially available code (FIRE) was used with the newly formu- 
lated FSD model described in chapter 4. 
Due to the increase in computational cost, and still satisfy the main purpose of the present work, 
only half the geometry was modelled, as shown in Fig. 8.5. Despite being limited to the use of 
the linear eddy-viscosity model, the results of flame propagation (Fig. 8.6), pressure histories 
(Fig. 8.7), and flame speed (Fig. 8.8) were found to be in good agreement with the experiments. 
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Figure 8.5: FIRE Computational geometry used for the 3D simulations. 
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Figure 8.6: FSD model: Comparison between experimental (Hargrave and Williams, 2000), 2D 
and 3D predictions (FIRE) of flame propagation images for the single obstacle configuration at 
various times after ignition. 
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The results are also in line with the findings from the TRF 2D calculations carried out earlier, that 
is the failure to reproduce correctly flame interaction with the obstacle wake region. Comparison 
between predicted and experimental images of flame propagation as shown in Fig. 8.6 demon- 
strate that the essential flame propagation characteristics of flame flattening, jetting, turning, and 
reconnecting are well predicted. However, the strength of flame turning and reconnection still 
do not agree well with the experiments, complementing the conclusion from the TRF 2D simu- 
lations that the use of a non-linear eddy-viscosity model is needed to obtain realistic predictions 
of the flame turning and reconnection. 
A comparison between the 3D and 2D results of flame propagation is shown in Fig. 8.6 which 
clearly shows that the flame travels faster before it approaches the obstacle for the 2D simu- 
lation. This can be attributed to the pressure build-up being confined to a plane which in turn 
causes excess pressure to build-up and subsequently leads to the apparent fast flame propaga- 
tion. Comparison between 3D and 2D predictions of pressure history are shown in Fig. 8.7. It 
can be seen that the peak pressures are in good agreement. However, the 3D and 2D peaks occur 
at almost the same time, this can be explained by noting that in 2D sufficient time is not allowed 
for the turbulence to develop behind the obstacle, and therefore the flame propagation is delayed. 
Comparison between 3D and 2D predictions of flame speed are shown in Fig. 8.8. It can be seen 
that the flame speeds are comparable, however, the peak speed is seen to occur at 0.2m for 2D 
case while for 3D the peak occurs at 0.175m. 
Figures 8.9,8.10,8.11, and 8.12 show the velocity vectors with the flame position (c = 0.5) 
superimposed at various planes from the ignition end for times 31ms, 37ms, 39ms, and 43ms, 
respectively. It can be clearly seen from the flame structure that the secondary flame propaga- 
tion is not symmetric about the planes parallel to the length of the combustion chamber. This 
highlights the importance in carrying out full-scale 3D simulations in order to investigate 3D 
secondary flow effects. At all times (31,37,39, and 43ms) values for the flow velocity were 
found to be below 3ms-' and comparable to the velocity in the direction of flame propagation. 
Neglecting this secondary flow explains the faster flame propagation observed in the 2D simu- 
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Tation. No noticeable vortices can be seen from the velocity vectors at times of 31ms, 37ms, and 
39ms which indicates low generation of turbulence due to the secondary flow. However, for the 
velocity vectors at 43ms, two counter- rotating vortices can be seen to become established be- 
hind the obstacle. These vortices allow turbulence to dominate and reduce secondary mean flow 
effects on the flame propagation, which explains the good agreement seen between 3D and 2D 
flame speed results past the obstacle. The existence of secondary vortices at 43ms seen from the 
FIRE 3D simulations can be expected to enhance turbulence ahead of the flame. Therefore, if 
only a 2D simulation is carried out the build-up of turbulence can take longer, which potentially 
can delay peak reaction rates. This can explain the time of occurrence for the pressure peak from 
the 2D FIRE simulation. 
Velocity vectors with the flame position (c = 0.5) superimposed are shown in Figs. 8.13 and 
8.14 for different times after ignition at three secondary horizontal planes. The horizontal planes 
are located at Om, 0.0 1875, and 0,28m, where the position Om is at the mid-plane of the cross- 
sectional height of the combustion chamber. These planes were chosen to capture flow fields 
in the jetting, shear, and wake regions. Results for 31ms show that the flame leads in the Om 
plane. However, at 37ms the flame leads in the 0.028m plane (i. e. jetting region) due to the 
obstacle blocking flame propagation for the planes Om and 0.01875m. The presence of the flame 
behind the obstacle becomes apparent at 39ms from results of the Om and 0.01875m planes. At 
all the times (31,37,39, and 43ms) no significant vortices can be seen and flow velocity is seen 
to dominate in the direction of flame propagation. Peak velocities can be seen to occur in the 
jetting region, with peak value of around 24ms-1. 
Results presented in this section have shown that the main differences between the 3D and 2D 
calulated results for flame propagation are the rate at which the flame travels between the ignition 
end and the obstacle, and the peak pressure timing. However, flame structure and values for peak 
pressure and flame speed were found to be in close agreement. This suggests that the conclusions 
based on the 2D calculations presented earlier remain valid, but 3D simulations will be required 
for a more rigorous validation exercise. 
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8.5 Commercial Code Results 
208 
Commercial codes are commonly used by design engineers to investigate many problems, for 
example, to aid the design of the cooling water jacket in IC engines. This requires reliable models 
which yield realistic results under the physical conditions studied. Here comparisons have been 
made between predicted results from the FIRE code using (a) the default combustion model in 
FIRE (CFM) and (b) the developed FSD model. A comparison between experimental, CFM, 
and FSD predictions for the flame structure is shown in Fig. 8.15. Both CFM and FSD models 
predict the flame arrival at the obstacle to be around 20ms. Between the flame arrival and re- 
attachment behind the obstacle, the CFM predicted flame front travels slowly and takes about 
17ms as opposed to the FSD model predictions which takes almost lOms, which is comparable 
to the experimental time of 8ms. 
A comparison between the experimental, CFM and FSD model predictions for the pressure his- 
tory is shown in Fig. 8.16. As can be seen both predictions have almost the same time of occur- 
rence for the pressure peak and compare plausibly with the experiments. However, much better 
agreement with the experimental peak pressure is observed with the developed FSD model. 
The predicted flame speed results from the CFM and FSD model are shown in Fig. 8.17 along 
with the experimental results. It can be seen that the flame speed past the obstacle is lower from 
the CFM model predictions as opposed to the FSD and experimental results. However, the flame 
deceleration and acceleration as it approaches and jets past the obstacle is reproduced by both 
CFM and FSD model. Flame speed results behind the obstacle show that the CFM model fails 
to predict the second flame deceleration behind the obstacle. 
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Figure 8.15: Comparison between experimental (Hargrave and Williams, 2000), 2D CFM and 
FSD predictions (FIRE) of flame propagation images for the single obstacle configuration at var- 
ious times after ignition. 
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8.6 Regimes of Combustion 
212 
Knowledge of the turbulent premixed combustion regimes inside the two combustion chambers 
is extremely valuable as it allows a means to identify the nature of the flame/flow interactions 
where the developed models (BML and FSD) have been applied. Therefore, in this section the 
regimes of turbulent premixed combustion covered in the two combustion chambers are identi- 
fied. As was seen in chapter 2 there were several dimensionless numbers and characteristic terms 
which were used in the turbulent premixed combustion regime diagrams. Here the combustion 
regimes are identified by evaluating the Damköhler number (Da) and turbulent Reynolds num- 
ber (RL). Figures 8.18 and 8.19 show the evolution of reaction progress variable, Damköhler 
number, and Reynolds number for the 75mm x 150mm (single obstacle) and 150mm x 150mm 
(multiple obstacle) combustion chamber cross-sections, respectively. For the chamber configu- 
rations the Damköhler number is clearly seen to change across the cross-section or width of the 
combustion chamber. At the walls the Damköhler number is lower in comparison to the centre- 
line of the chamber. Furthermore, it is found that the Damköhler number range is increased for 
the multiple obstacle configuration. As for the Reynolds number, both configurations show the 
changes arising along the length of the chamber. Moreover, it is apparent that the obstacles dic- 
tate the changes in the Reynolds number. For example, for the multiple obstacle configuration 
the results for the Reynolds number (see Fig. 8.19) show that near to the first obstacle the peak 
turbulent Reynolds number is 600. Between the region defined by the first and the second ob- 
stacle the peak is about 1400. This peak increases further to 1800 between the second and third 
obstacles. Finally, in the region downstream of the third obstacle, the turbulent Reynolds num- 
ber peak value is around 2000. 
The regimes of turbulent premixed combustion covered in the two configurations are superim- 
posed onto the regime diagram taken from Matthews et al. 1996, as shown in Fig. 8.20. This has 
been done by identifying four limiting points (lowest Da and lowest RL, highest Da and lowest 
RL, highest Da and highest RL, and lowest Da and highest RL) for each combustion chamber 
configuration. These limiting points were obtained from from Da and RL variation at different 
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times along the flame front. It can be noted that: (1) the coverage of the regimes is greater for 
the multiple obstacles case as compared with the single obstacle configuration, (2) the regimes 
covered are of practical importance, and (3) the wrinkled, corrugated, and distributed regimes 
are covered. 
8.7 Choice of Boundary Conditions 
From very recent unpublished experimental results at Loughborough University, it was found 
that the first observed peak pressure in the 75mm width combustion chamber may be influenced 
by the presence of the plastic diaphragm at the end of the chamber, which was used to retain the 
flammable mixture prior to ignition. This was noted when it was found that the time of the first 
peak coincided with the time of burst of the diaphragm. So the original view that the first peak 
pressure was entirely due to the flame approaching the obstacle may be inaccurate, and the first 
peak pressure is more likely to be due to the combined effects of the obstacle and bursting plastic 
diaphragm. However, the percentage contribution of these effects to the first peak pressure has 
not yet been ascertained. Further work is therefore required in simulating the diaphragm, which 
may entail more well-documented experiments to be carried out. It should be noted here that to 
model the plastic diaphragm would require information on the timing of the burst, which was not 
available in the course of the numerical simulations reported herein. However, had the timing for 
the plastic diaphragm burst being available then a simple fixed wall to boundary condition can be 
applied prior to the burst and an open-end boundary condition can subsequently be applied. But 
smaller time steps would most likely be required to avoid the occurrence of numerical stability 
problems close to the timing of the transition from the wall to open-end boundary condition. 
A transmissive boundary condition was applied to the open-end for the TRF2D calculations 
while a zero gradient condition has been applied in the FIRE calculations. The transmissive 
boundary condition allows for the release of pressure at the outlet boundary by computing the 
velocities at the boundary due to the internal pressure and an external pressure reference (ambi- 
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Figure 8.18: Evolution of (a) Reaction progress variable, (b) Damköhler number and (c) 
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ent pressure). By definition, the zero-gradient boundary condition, however, does not allow for 
the release of pressure at the outlet boundary. Two noticeable peaks in pressure were observed 
with the transmissive boundary condition. However, as shown in Fig. 8.7 only one noticeable 
peak can be observed for the case when a zero gradient boundary condition is used with FIRE. 
At first the presence of two pressure peaks resulting when a transmissive outflow boundary con- 
dition is used may seem odd, however, a closer inspection suggests that for the early stages of 
flame propagation no significant pressure build-up will be established at the outlet, but, when the 
pressure build-up at the exit becomes significant, pressure will be released via the transmissive 
boundary condition. 
Chapter 9 
Conclusions and Recommendations 
9.1 Summary and Conclusions 
Newly calibrated and formulated models for premixed turbulent propagating flames have been 
described, and validated against various experimental flow conditions. The findings have pro- 
vided support for the algebraic and transport equation models for the flame surface area to vol- 
ume ratio to model the mean rate of reaction. These models have initially been developed and 
validated against turbulent burning velocity data using 1D calculations. Then developed mod- 
els have been used to predict flame propagation in two combustion chambers with built-in solid 
obstacles, thus verifying the models for different turbulence conditions and geometry. Finally, a 
commercially available code (FIRE) was used to investigate 3D and secondary flow effects on 
flame propagation. 
The main findings from the present work may be summarised as follows: 
" Commonly used formulations for the algebraic (BML) and the transport equation (FSD) 
models have been found to over-predict experimental turbulent burning velocity data over 
a range of turbulence conditions. 
218 
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" Newly formulated BML and FSD models for the flame surface density have shown to yield 
good agreement with experimental turbulent burning velocity data for a range of turbu- 
lence conditions. 
" Application of the proposed formulation for the BML and FSD models to flame propaga- 
Lion in two combustion chambers with built-in obstacles resulted in reasonable agreement 
with experimental results of flame propagation, pressure history, and flame speed. 
" The new FSD model was found to be able to model turbulent flame propagation at low 
turbulence conditions. 
" All forms of the BML model required modifications to avoid unrealistically high burning 
velocities at low turbulence conditions. 
9 Excellent agreement for flame structure was found when the newly formulated FSD model 
was used with a cubic stress-strain eddy-viscosity model. 
" 3D results of flame propagation, pressure history, and flame speed using the FIRE code 
(only linear eddy-viscosity model available) with the newly formulated FSD model were 
found to be in reasonable agreement with experimental results. 
" It was found that the 3D and secondary flow effects had a significant influence on the rate of 
flame propagation from the ignition end to 0.1m downstream, and that flame speed results 
from 0.1 m to 0.3m but peak pressure values were not significantly affected. 
9 The newly formulated FSD model yields better results than commercially available flamelet 
models such as the coherent flamelet model, CFM. 
9.2 Recommendations for Future Work 
The work presented in this thesis highlights a general need for extensive validation of various 
forms of the k-E model. In relation to the objectives of the present work, a validation exercise 
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of the non-linear eddy-viscosity model, used in the some of the calculations presented in this 
thesis, will allow more confident assessment to be made of the performance of the combustion 
models. 
The findings of the predicted turbulent flame brush thickness from the present work qualitatively 
showed that plausible turbulent flame brush thickness was seen when a non-linear eddy-viscosity 
model was used. There has been a significant lack of validation work on turbulent flame brush 
thickness, and therefore further work is needed to validate the predicted turbulent flame brush 
thickness. 
Regarding the experiments on flame propagation past obstacles, it is required to obtain more 
understanding of the effect of the plastic diaphragm on the flame structure, pressure history, and 
flame speed. If significant effects exist then this may prompt the need for further validation of the 
proposed forms of the combustion models with an improved simulation of the plastic diaphragm. 
The proposed form of the FSD model needs to be validated in a practical SI engine geometry. 
This is a challenging task since the model will have to be correctly implemented into a commer- 
cial engineering code, after which might follow simple validation exercise, and then the full SI 
engine validation. 
With computing resources becoming cheaper, an LES technique is being used in several com- 
mercial engineering CFD codes, however, there is a great need to validate LES turbulence and 
combustion sub-grid scale models. The present work will prove to be a good basis to carry out 
LES validation in the combustion chambers reported herein. 
Further experimental data needs to be obtained for all the controlling parameters in the BML 
and FSD models, particularly for the different mean flamelet stretch terms in the FSD model, 
to allow for a more refined model validation study. Furthermore, these experiments would be 
extremely useful if carried out under different flow conditions. 
Appendix A 
ITNFS Function 
A regression of the DNS results of Meneveau and Poinsot (1991) results in the Intermittent Net 
Flame Stretch (ITNFS) function, rK, which has been formulated as (Duclos et al. 1993): 
I'h(UL uý, 
L) 
rx-3(L)(u, l-llnl 1 
gl 
(A. 1) K2 SL \UL/ \1 -P q) 
where 
rK = lor(s, uº/ut) (A. 2) 
r(s, ü /UL) +10exp(-s - 
0.4) + [1 - exp(-s - 0.4)] LQ11 
,Is-0.11 
(A. 3) 
s. 4 UL / 
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+- exp(-s) + [1 - exp(-s)] (1 + 0.36s) (A. 8) 
QI JL I=0.041glo( L) (A. 9) 
Appendix B 
KPP Analysis 
For steady constant density one-dimensional flame propagation with the curvature term in the 
flame surface density equation closed as proposed by Veynante et al. (1996), the reaction progress 
variable and the flame surface density transport equations have to be considered. The equations 
can be written in a reference frame moving with the turbulent flame so that ü= ut to yield the 
equations: 
-2t 
dc 
_ 
vt d2c 
-- - 41LE (B. 1 dx ay dx2 
__ 
t 
Ed 
2 2c ~L YCo 
-ut dx dx + UL dx + alI KkE+u 
E2 
. (B. 2) 
Introducing a solution of type E= Aexp(-alx) into equation (B. 1), it can be shown that: 
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c= 
al (ut 
ULA 
a vcuY) 
exp(-aix) " (B. 3) 
Equation (B. 3) and the result (as discussed in the main text): 
d2c 
_ 
Lycr d2>2 
dx2 g dx2 
(B. 4) 
can be substituted into equation (B. 2) to yield the turbulent burning velocity, ut, expression as: 
c°vt 0.11vyuLk1 E1 
1/2 
L\£ 
- 
aY + 
gE JCkrKIJ uj=2 \1/2 (B. 5) (1 
+ 27c° + (lyc°)2 ) 
More details on the KPP analysis can be obtained from Duclos et al. (1993). 
Appendix C 
Transmissive Boundary Condition 
The transmissive condition calculates normal velocity at the boundary using: 
V= Unit + TF(PR - 1.0) (C. 1) 
where V i,,; t is the initial velocity at the boundary, TF is the transmissive function, and PR is the 
pressure ratio. 
The transmissive function TF is: 
TF- 
2.0*'Y 
PR+y-1.0 (y + 1.0) ry + 1.0ý 
a (C. 2) 
where a is the speed of sound, and PR is the pressure ratio between the calculated and reference 
pressure at the boundary. 
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